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Abstract

An experimental study of the dynamic control and stability of subma-

rines has been made by means of small-scale, free-running, powered and

controlled models at the California Institute of Technology, Hydrodynamics

Laboratory. The experimental and theoretical basis of the modeling of the

behavior of fully submerged submarines is discussed. The design and con-

struction of the models are described, and development of experimental

techniques is outlined. The experimental program was conducted with

models of two full-scale submarines-the U.S.S. Odax and the U.S.S.

Albacore- to (1) evaluate the efficacy of small-scale modeling, and (2)

to predict control characteristics of a boat of radically new design. Satis-

faAu-y agreeiiet between the dynamic behavior in free ilight of the small-

scale (120:1) model and the Guppy-type submarine Odax is demonstrated for

one type of maneuver. Zig-zag maneuvers in the vertical plane were cho-

sen for this purpose because of their simplicity and suitability for compari-

son with available full-scale data. The model's diving planes were made

to reproduce the time-sequence of the diving plane motions of the full-scale

submarine and the resulting depth and inclination responses compared to

those of the full size vessel. The consistency of the model's behavior was

evaluated from repeated tests with each of four selected control programs

for which only a single full-scale test was run.

Predictions of the dynamic control and maneuverability characteristics

of the U.S.S. Albacore (AGSS 569) Scheme IV submarine, which marks a

radical departure in hull design, were made with a 100 to 1 scale model.

This model was built at about the same time that the keel was laid for the

prototype ship. The studies made with this model were divided into three

parts:

(1) Control characteristics in the vertical plane,

(2) Turning characteristics with rudder control alone.

(3) Turning characteristics with depth control, and
with combination depth-and-roll control.

The tests under item (1) were made with two sets of appendages (tail struc-

ture, bow planes, and bridge fairwater), for which only minor differences

in control response were found and no measurable difference noted in direc-

tional stability. Items (Z) and (3) were made with one set of appendages
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(corresponding to those first used on the prototype) and with Froude-scaled

model velocity.

Specific maneuvering problems, such as the determination of control

plane programs required to execute optimun dives or horizontal turns with-

out changing depth, are solved by successive approximation with the model.

The tests show that a high degree of prescience is required and that precise

execution of the control program is necessary to successfully accomplish

an optimum maneuver.

Comparison of the behavior of the two models shows that the Albacore

has a greater degree of directional stability and a faster response to its con-

trols than the Odax. This is certainly due to its better hydrodynamic design.

The Albacorc model also demonctrated much better consistency in it- own

behavior than did the Odax model. This is due in part to better design and

in part to the improvements made in the techniques of building and operating

the models and in processing the model test data.

* At the time of this writing, no detailed comparisons have been made

between results obtained with the Albacore model and those of the sea trials

of the prototype which were made in the fall of 1955. The few spot compari-

sons which were made (but not included in this report) show good agreement.

Detailed comparisons of these two sets of tests will be made at the David

Taylor Model Basin (under whose supervision the sea trials were conducted)

and will be the subject of a separate report.
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CHAPTER 1

INTRODUCTION AND THEORY

0

This is the final report on an investigation of control and maneuver-

ability of submarines by means of free-flying, powered models which has

been in progress for several years. The work was done in the Hydrody-

namics Laboratory of the California Institute of Technology, under Office

of Naval Research Contract N6onr-Z44Z8, as a part of the Bureau of Ships

Fundamental Hydromechanics Research program (NS 715-10Z) which is

administered by the David Taylor Model Basin. Most of the results of this

study were presented piecemeal in twenty-five progress reports (Ref. 11)
and in Refs. 18 and 19.

The objectives of this study may be divided arbitrarily into two parts:

(a) To develop the free-flying model technique and to evaluate
it-by comparison with full-scale tests.

(b) To use free-flying models to predict the control and
maneuverability characteristics of new designs.

The U. S. Submarine Odax (Guppy type) was selected for the first

phase of this work because this boat was subjected to an extensive series

of sea trials, and good records of its performance were available. The

second phase of the study was made with a model of the new high-speed

submarine A lbacore. The model study was initiated before construction

was begun on the Albacore, which was launched in March 1954. Full-scale

control and maneuverability tests were made with the Albacore in the fall

of 1955, but the records are not yet available for comparison with model

results. Both phases of this model study should be viewed as one con-

tinuous effort to develop the free-flying-model technique as a research

tool, to refine it, and to evaluate it by comparison with full-scale tests.

The problem of control and maneuverability of a submarine is more

severe than that of other bodies having six degrees of freedom. The mo-

tion of a submarine in the vertical direction is limited to a thin layer of

the ocean between the free surface and crushing depth. The thickness of

this layer is only about two or three submarine lengths. The disposition

of personnel,and the possibility of spilling acid from batteries or of tum-

bling gyros, set a limit to the allowable inclination of the axis. In addition,
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the speed range of a submarine is from reverse, through zero, to full speed

ahead, and the boat must be controllable throughout this range. The speed

range of an airplane in the air, by comparison, is'only between about 70

per cent and 100 per cent of maximum speed forward. When the submarine

is operating at or near the free surface the problem is further complicated

by wave-making effects.

The submerged speed of submarines was nearly doubled after World

War II when the fleet type submarines were converted to Guppies, and since

then it was increased again by a factor of over 1-1/2 in the Albacore, which

is the forerunner of future hull designs. Further substantial increases in

submerged speed appear possible when streamlined hulls will be combined

with radically new power plants. These faster submarines will, of course,

be capable of executing rapid and daring attack and invasion maneuvers that

are completely beyond the range of past experience. 'Ihis poses the neces-

sary problem of exploring this new potential, of delineating its safe limits,

and of determining control programs for optimum maneuvers. The full

scale testing, since only a slowly converging asymptotic approach can be

made when hampered by the necessity of keeping within safety limitations

that are as yet unknown.

The extreme degree of prescience or anticipation required in high-

speed maneuvering in the vertical plane may be illustrated by this example

taken from an optimi.im maneuver dctcrmined with the model of the Albacore.

The problem posed was this.:' determine the stern plane program which will

take the submarine in minimum time from level flight at 25 knots at one

depth to level flight 300 feet deeper without exceeding an inclination angle of

30 degrees. It was found that decisive action for recovering from the dive

must be taken when the submarine has changed depth by no more than 20 feet,

if serious overshooting is to be avoided (see Chapter 5, Figs. 25 and 26). It

is obvious that this type of experimentation with a full size submarine can

be extremely hazardous. It is imperative, therefore, that other methods

be developed for predicting the characteristics of new designs and for ex-

ploring the limits of safe performance.

The Free-Flying Model Compared with Other Methods

A great deal of effort has been expended on the theory governing the

motion of a free body moving in a fluid medium, and notable progress has
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been made, especially in those phases that apply to heavier-than-air craft.
The origin of lift on an aLIrplane wing is well understood and its magnitude

and line of action are predictable from theory. Nevertheless, model tests

are usually resorted to as a final check. On the other hand, the origin of

lifts and moments which act on elongated bodies with low-aspect-ratio fins,

i. e., on such shapes as submarines, torpedoes, airships and rockets, can-

not be predicted from theory with sufficient accuracy. In the case of these

shapes, even more than in the case of airplanes, model tests are necessary

to evaluate the coefficients of lift and moment. Such tests are usually made

with captive models in towing tanks, on rotating arms or in water tunnels,

using both stationary and oscillating balances. These tests show that the

lifts and moments are nonlinear functions of the instantaneous values of

anglc of attack, uf Lngular velocity, and ol control plane angles. The

44 apparent-mass effects acting on these vehicles (which have an average den-

sity approximately equal to that of the surrounding fluid) are nearly as great

as the inertia of the vehicle itself, but the magnitude of these effects is diffi-

cult to evaluate.

Problems of stability, control and maneuverability may, therefore, be

dealt with by one or more of the following methods:

(a) Full-scale tests

(b) Strictly theoretical predictions

(c) A combination of captive model tests to evaluate hydro-
dynamic coefficients, and the use of these coefficients
in the equations of motion to predict free flight behavior.

(d) Free-flying model tests.

Full-scale testing remains the undisputed final arbiter. The function

of all the other methods is to make it possible to arrive at a good design be-

fore construction of the prototype begins , and to minimize the amount of

full-scale testing required to evaluate the design and to determine the limits

of its capabilities.

The theoretical approach, especially when modified in the light of

existing empirical data, serves well for preliminary design but does not as

yet merit full reliance.

Both of the remaining methods make use of model tests and, therefore,

rely on the same basic assumption of similarity of the flow patterns about
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model and prototype. This question of similarity will be discussed in a fol-

lowing section; here we are interested in a comparison of the two methods

with each other and with full-scale testing.

The method employing captive models requires the construction of

models, and an exhaustive series of tests to measure eighteen or more coef-

ficients, each under the full range of independent variables. These measure-

ments usually need correction for strut and wall interference. The equations

of motion in which these coefficients are used may be linearized only for

cases involving small perturbations, such as stability on straight course;

the nonlinear terms must be included when dealing with appreciable deviations

from linear motion, Modern computing machines do simplify the solution of

the equations, and good rc',ultb have been obtained in cases involving motion

in one plane when only three degrees of freedom are involved (see Refs. 2,

3 and 18). The handling of problems with six degrees of freedom becomes

quite complex even with modern computing aids.

The free-flying model is a test device which simultaneously measures

all the necessary coefficients, solves all the necessary equations, and de-

livers the solution without resort to any simplifications or assumptions be-

yond that of similarity of flow. It is free, by its nature, of strut and wall

interference. It decides for itself how many degrees of freedom are involve

and deals with any number of them with equal ePae.

The free-flying model lends itself to more precise control of initial

conditions and of the forcing functions than is possible in full scale, and it

yields a more detailed and precise description of the resulting responses.

This means that it can be used for more than just solving practical problems

of control and maneuverability. It can serve also as the touch-stone against

which we may check results obtained by any other method, and thus help

clarify our understanding of the theory which governs the free motion of a

submerged body.

On Modeling the Motion of a Submerged Body

The term modeling, as used here, has the restricted meaning that the

trajectory of the model is geometrically similar to that of the prototype, and

the scale ratio between the two trajectories is the same as that of the linear

dimensions of the two bodies. In addition, at corresponding pairs of points
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on the two trajectories, the two bodies have identical orientations with re-

spect to their trajectories. In other words, we aim to reproduce the geom-

etry of the motion.

It is assumed that the model and prototype are geometrically similar

in external shape, and in position within each body of its center of gravity.

If the geometry of the bodies is variable (e. g, if there are movable control

surfaces) then geometric similarity of the two bodies is satisfied at each

pair of corresponding points on the two trajectories. The masses and mo-

ments of inertia of the two bodies are also scaled. That is, the masses are

in proportion with the third power and moments of inertia with the fifth power

of the linear dimensions. If model and prototype operate in different fluids

(e. g. , model in fresh water and prototypp in P;ter) then both masr and

moment of inertia are scaled in direct proportion with fluid density.

This scaling of the inertial constants of the bodies implies that the

motion of the bodies is controlled by the inertial reactions of the fluid me-

dium. However, the forces acting on the body may be affected also by any

of the other properties of the fluid and, in addition, both the fluid and the

body are acted upon by gravity. The problem of modeling, therefore, is

that of determining which types of forces may significantly affect the motion,

and of designing the model experiments so that the ratios of the various

types of forces to each other are the same in model and prototype. Since

inertia is always important in the range of speeds in which we are interested,

we compare all other types of forces to the inertial forces. It is possible,

in most cases although not in all, to satisfy the demands of two types of

forces, say inertia and gravity. As a rule, it is not possible to satisfy

more than two, although there are exceptions to this rule. The effect of

each class of forces on the required experimental conditions will be dis-

cussed briefly below.

Inertial Forces. Where only the inertial reaction of the fluid need be

considered, the problem of modeling is quite simple since the motion of the

body is independent of the velocity. This can be shown as follows:

If we assume the forward velocity to be constant, then the motion in

one plane may be represented by two equations.
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ML (1)
dt dt

I d ?- : M (2)

dt
z

where M, and M 2 are the mass of the body, including apparent mass of the

fluid, for motion in the direction of and 'normal to the axis of the body, re-

spectively; u and v are velocity components in the same two directions; 9 is

the angle between the body axis and some fixed direction in space; L is a

lift acting normal to the body axis; I is the moment of inertia of the body

(including apparent mass. effects) about a transverse axis through the cg; and

M is a hydrodynamic moment. These two equations may be rewritten

dt a(1+kZ) p 13  dx d dx: 12 (1la)

Glb+k2 )pd v at dt L t

5d2 91 d'c 2 3 Za
CI~~ ~ (b+W M (.-) P12a

dtz  dt

where k and k 2 are coefficients of apparent mass, and k' is the coefficient

of apparent noment of inertia; p is the density of the fluid; I is a character-

istic length of the body; Cv .3 is the volume of the body; CII 5 pb is the mo-

ment of inertia of the body; x and y are distances parallel and normal to the

body axis; and CL and C are lift and moment coefficients.

Introducing a dimensionless time scale s, of which the unit is "time

to travel one ship-length", we have

dt s ds
u

Substituting for dt in Eqs. (la) and (Za), and simplifying, we get

dz 2 d (x), d QC v(I +k 2) __ ( Y-) + C v(1 +kl _._) de  = CL, (1 b)

ds I ds I ds I"ds I

C(l+k') d - C d( (2b)
ds2

It is seen that x and y appear as ratios to the body length 1. If we
measure distances in terms of body lengths, so that
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x1 =x/A and y' = y/A

then the equations reduce to

S ( 1 + k z ) d + Cv(I +kl) (.--. = 1 CL (ic)

e+ k ') 
d z  _ M (Zc)

since dx'/ds is identically unity.

The statement that the forces exerted on the body are due to fluid

inertia alone implies several additional conditions which will be examined

briefly. First, this implies that the apparent mass coefficients k, k., and

' depend only o,: thQ blii-e uf the body. becondly, the absence of gravita-

tional effects means that the body is adjusted to neutral buoyancy and trim

(so that the mass of the body is equal to C1 3p) and the center of gravity

and center of buoyancy are coincident. This, of course, means that the
average density of the body is equal to that of the fluid. However, this does
not necessarily mean that the mass distribution within the body is such that

its moment of inertia is equal to that of the displaced fluid. It will be noted

that the total moment of inertia was written as Ci(b + k')p 15 where b is a

constant depending on the mass distribution. Lastly, the absence of any but

inertial forces implies that the lift coefficient and moment coefficient depend

only on the shape of the body and on the instantaneous values of the angle of

attack a, the rudder (or other control plane) angle. 6 , and the dimensionless

angular velocity dG/ds. For geometrically similar bodies

CL l (a, 6 , dG/ds) (3)

and

CM= f 2 (a, a, de/ds) (4)

Therefore, geometrically similar bodies will describe geometrically

similar paths provided their mass distributions are alike (i. e. , the constant

b is the same) and provided that their control plane actions are the same

function of the dimensionless time s. This means that the model may be

operated at any convenient speed, since the geometry of the motion is inde-

pendent of speed.
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Effects of Viscosity. It will be convenient, for purposes of this dis-

cussion, to distinguish between direct and indirect effects of the viscosity

of the fluid medium. Among the direct effects are the presence of a bound-

ary layer and a wake, and the resultant need for a propulsion system to

maintain the motion. The indirect effects arise from the fact that the pres-

ence of the boundary layer and the wake modifies also the inertial reactions

of the fluid. That is, the coefficients of apparent mass and of lift and mo-

ment may also be affected by the viscosity.

The Reynolds number is a measure of the relative importance of vis-

cous effects, since it is proportional to the ratio of inertial forces to viscous

forces. The Reynolds number is defined as

I R _ ul
,c v (5)

where u and I are the speed and length as defined before, and v is the

kinematic viscosity of the fluid. To be similarly affected by viscosity, a

model would have to operate at the same value of Re as its prototype. That

is, a small model should be operated at higher velocity, or in a fluid of lower

viscosity than the prototype. This condition can rarely be satisfied, since

fluids of appreciably lower viscosity than air or water are scarce, and high

velocities are likely to cause other undesirable effects cuch as those due to

cavitation in the case of liquids or compressibility in the case of gases.

Therefore, it is of interest to examine, at least qualitativcly, the effect of a

deviation from Reynolds scaling upon the quantities with which we are con-

cerned.

The drag, which is the primary effect of viscosity, varies with

Reynolds number throughout the range that is of interest in this work. How-

ever, drag itself is not of primary concern in a study of control and maneu- 4
verability. It is known that the model will require relatively more power

than the prototype. Our concern, in this case, is mainly with the Secondary

effects of viscosity upon the lift, moment and inertia coefficients. Let us

examine briefly the mechanism whereby viscosity affects the lift, as an ex-

ample.

The lift of an elongated body of revolution with fins is due mainly to the

fins. To take the worst case, let us consider fins at the tail end of the body,

where boundary layer is thickest. If we compute the over-all thickness of

the boundary layer near the tail of a representative streamlined body, we
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find that this is approximately as large as the span of a normal fin, so that

the fin is nearly all within the boundary layer. However, the effect of the

boundary layer upon the lift is measured by the momentum thickness of the

boundary layer and not by its over-all thickness. In the range of Reynolds

numbers in which submarines operate (up to about 109), the momentum thick-

ness is of the order of one-tenth of the over-all thickness. Therefore, the

effect of the boundary layer on the fin as a lift-producing element is that its

effectiveness is reduced to something of the order of 90 percent of what it

would be in a frictionless fluid. Since a small model has a relatively thicker

greater. However, the ratio of the model fin's effectiveness to that of the

prototype is still nearly unity.

Tests made in water tunnels and towing tanks show that the lifts and

moments acting on streamlined bodies with fins become independent of the

Reynolds number provided this is greater than a critical value which varies

somewhat with the shape of the body. For the type of bodies with which we

are concerned here, the critical Reynolds number is less than 106.

Therefore, in experimental studies of control and maneuverability the vis-

cosity effects may be neglected provided the model is operated at a sufficient-

ly high velocity to be above the critical Reynolds number.

Effects of Surface Tension. The surface tension of the liquid may af-

fect the motion of a submerged (or partially submerged) body only when the

free surface is disturbed by the motion; that is, only when the body is mov-

ing at or near the free surface. The ratio of inertial forces to surface ten-

sion forces is proportional to the Weber number, which is defined as

W = (6)
0"

where V, p and I are velocity, fluid density and length as defined before,

and r is the surface tension of the liquid. As may be seen from Eq. (6),

the surface tension forces may become important in experiments using models

of small size running at low velocity.

The work reported here was concerned only with operation at deep sub-

mergence and, therefore, surface tension forces have no effect on the motion.
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Effects of Compressibility. The motion of a submerged body may be

affected by the compressibility of both the fluid medium and the body itself.

The compressibility of the fluid becomes important when the speed of the mo-

tion approaches, or exceeds the velocity of sound in the fluid. Therefore, the

motion of a submarine is not affected by the compressibility of the water be-

cause its speed is low by comparison with the sonic velocity. Creeping mo-

tion of a submarine may, however, be affected by the compressibility of its

own hull under the static pressure of the water. That is, a submarine

trimmed to neutral buoyancy at one depth tends to sink when creeping or

hovering at a greater depth. At speeds above creeping, the effect of hull's

compressibility on the motion becomes negligible.

Effects of Cavitation. Cavitation may affect the free-flight behavior

nf ctbmergcd bodicb i.uvving at high speed, since the formation of vapor-

filled cavities modifies the general flow pattern around the body. The lift

and moment coefficients, in the presence of cavitation, are functions of the

cavitation parameter, which is defined as

K = iz (7)
1/2 pv

where p0 is the static pressure in the undisturbed liquid, and pv is the

vapor pressure. On geometrically similar bodies, cavitation begins at

approximately equal values of the cavitation parameter, and the value of K

for inception of cavitation depends on the body shape. As K is decreased

below the inception value, the intensity of cavitation grows.

When the operating conditions of the prototype are such that cavitation

does not develop on it, then the model must be operated at above the incep-

tion value of K, but the K values of the two need not be matched. However,

when the prototype is cavitating to such an extent that its control character-

istics may be affected, then the model must also be operated at the same

value of K as the prototype. In those cases in which the model's velocity

is dictated by other considerations, the value of K may be adjusted by vary-

ing the static pressure in the model system.

Effects of Gravity. Gravitational forces may affect the motion of a

submerged body through one or more of the following mechanisms:

(a) By direct action on the body;

CONFIDENTIAL



CONFIDENTIAL

(b) By changing the attitude of the body and thus modifying
the inertial reactions of the fluid;

(c) By direct action on the fluid which modifies the flow
around the body and, in turn, also the inertial reaction.

-Direct action on the body occurs when the body is not neutrally buoy-

ant. This superimposes a sinking or rising motion upon any motion which

would otherwise exist.

Modification of the body's attitude may result when the center of gravit,

is displaced from the center of buoyancy. Normally, the cg is below the

center of buoyancy for metacentric stability. When the axis of the body is

inclined to the horizontal, this results in a static restoring moment. When

the body ,covVb un a curved path, this results in a heel angle which, because

of the asymmetry of submarine hulls, may appreciably modify the motion.

Modification of the flow about the body by direct action on the fluid oc -

curs when the body moves at or near the free surface, since the wave forma-

tion is controlled by the interaction of gravitational forces and the inertial

disturbances due to the passage of the body.

In all model experiments in which gravitational forces affect the be-

havior, it is necessary to maintain in the model system the same ratio of

gravity to inertial forces as in the prototype. This means that model and

prototype should operate at the same value of the Froude number, which is

defined as
V -

F (8)

where g is the acceleration of gravity. Since g is nearly constant over

moderate latitudes, this means that the model's speed should be reduced in

proportion with the square root of the linear dimensions.

Froude scaling must be adhered to in all cases in which the inertial

reaction of the fluid is affected by gravity. When operating at or near the

free surface, the flow around the body is affected by the presence of the

free surface, and the lift and moment coefficients become functions of the

*Froude number, so that

SCL = fl(a, 6, d6/ds, F) (9)

CM = f.(a,6, de/ds, F). (l0)
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When operating at deep submergence, the lift and moment coefficients

are not affected directly by the value of the Froude number. However, the

attitude of the vessel may be a function of Froude number and, consequently,

the inertial reactions also. Here it is necessary to distinguish between mo-

tion in the vertical plane and motion in the horizontal plane.

Since submarines are symmetrical about a vertical plane, the equations

of motion in the vertical plane are modified to account for gravitational ef-

fects by the addition of terms which are independent of velocity or acceler-

ation. Equations (1) and (2) are replaced by

dv de L + (W- B) (l)
dt (11

+ U 9- = ±-B1-12

dt

where W is the weight of the body, B is its displacement, and Ib is a lever

arm which is normally a function of 0. Since these additional terms are

independent of speed, it is obvious that their relative importance diminishes

as the speed increases, and at high speed their effect becomes negligible.

Therefore, in modeling high-speed maneuvers in the vertical plane, Froude

scaling may be neglected, and the model's operating speed again becomes a

matter of free choice.

In maneuvering in the horizontal plane, the displacement of the center

of gravity from the center of buoyancy causes the body to assume an angle

of heel, and this, in turn, results in cross-steering effects even in bodies

having axial symmetry. When the body is not symmetrical about a horizontal

plane, the heel angle is further affected by asymmetry of the lift forces.

Since both of these are dynamic effects which are proportional to the velocity

squared, their influence on the motion is not negligible even at high speed,

and Froude scaling is required.

Selection of the Pertinent Scaling Laws

It is seen that, in studying the free-flight characteristics of submerged

bodies by means of small models, it is riot possible to satisfy all the scaling

laws simultaneously. However, certain regimes allow satisfactory approxi-

mation for geometric simulitude of the trajectory, and fortunately these
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coincide with the areas of critical control and maneuverability problems.

It is known that for sufficiently deep submergence (greater than three

diameters for slender, streamlined bodies) the surface of the water remains

undisturbed by the passage of the body, so that free surface effects need not

be considered.

Full scale submarines running at full speed may be subject to localized

cavitation around small protuberances. Although such cavitation may pro-

duce objectionable noise, it is not of sufficient magnitude to affect control

and maneuverability characteristics and, therefore, cavitation scaling is not

required.

As indicated above (in the discussion of viscosity effects), the moriei1I,

drag is relatively greater than that of the prototype so that the model re-

quires relatively more power to maintain a given fixed speed on a nearly

straight course. However, the variation of the model's speed with angle of

attack may be expected to be similar to that of the prototype. Therefore,

the percent deceleration of the model when executing tight turns may be ex-

pected to be the same as those of the prototype, provided the model's speed
6

is such as to produce a Reynolds number of the order of 10 or greater.

Hoyt and Imlay (Ref. 8) have shown that the influence of metacentric

stability on the motion of a full size submarine maneuvering in the vertical

plane becomps negligible at npccds of nine knots or greater.

Therefore, one may expect geometric similitude of the trajectory for

maneuvers in the vertical plane at an arbitrary model speed provided (a) the

prototype maneuvers under study are at speeds of nine knots or greater, and

(b) the model is operated at a Reynolds number above critical. Thus, for

submerged motion in the vertical plane the model is restricted only to the

extent that mass and moment of inertia must be properly scaled, and that

time be measured in terms of "time to travel one length". This time scale

must apply also to the rates at which control planes are moved. For instance,

the control planes of a 1:100 scale model running at 10 knots must be moved

at 500 degrees per second, If it represents a prototype running at 10 knots

in which the plane rate is five degrees per second.

To obtain geometric similitude of the motion when modeling either

horizontal maneuvers or any maneuvers at shallow depth, it is necessary,
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in addition to the above restrictions, to scale the model's speed in accord-

ance with Froude's law. Since this results in low model speeds, there is

the possibility that viscosity or surface tension effects begin to influence

the motion.

In the studies reported herein, the models were operated at an arbi-

trary high speed (14 to 17 fps) in all vertical maneuvers, Therefore, these

model results are representative of prototype behavior at speeds of about

10 knots or greater. The horizontal maneuvering tests which were made

with the model of the Albacore were scaled for a prototype speed of 25

knots, which resulted in a model speed of 4. Z5 fps. It was felt that model

speeds below this may not be reliable because of Reynolds number effects.
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CHAPTER 2

THE FREE RUNNING MODELS

Basic Design Considerations

The entire study, which is reported herein, may be regarded as one

continuous effort to develop techniques for building and operating small-

scale, self-powered, free running models of submarines, and to evaluate

the usefulness of such models for investigating control and maneuver-

ability characteristics by comparing model test results with those obtained

with full-scale submarines. Acceptable agreement between model and full-

-scale behavior has been demonstrated for the case of the U. S. Submarine

Odax. The Albacore model may be viewed as serving two purposes:

$ (1) To predict full-scale behavior while the ship was being built, and (2)
to provide another measure of the degree of agreement between free-flight

characteristics of small models and those of the full size submarines that

they represent.

Throughout the several years over which this study extended, efforts

were being made to improve and. refine all the experimental techniques

which are involved in building the models, in operating them, and in reduc-

ing the data obtained with the models. The aim was to improve the pre-

cision, consistency and rcliability of rrudel performance so as to mini-

mize the effect of experimental error and scatter upon the ultimate evalu-

ation of free-flying models for control and maneuverability studies. It is

for this reason that the experimental techniques are considered sufficiently

important to devote to them two chapters of this report. This chapter de-

scribes the design, construction and development of the models, while the

experimental techniques will be covered in Chapter 3.

The free-flying tests were made in the Controlled Atmosphere Launch-

ing Tank which is described in Appendix B and in Ref. 9 . This tank is

approximately 13 feet in diameter and 30 feet long. The useful maneuver-

ing space may be taken as about Z3 feet long, 8 feet deep, and about 8 feet

wide. It is obvious that models that are to maneuver in this space must be

quite small. In the case of the Oxax model, which was to be used mainly

in zig-zag tests in the vertical plane, it was decided that the model's

length should be limited to about 30 inches, so that a full-scale run about
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one-half mile in length could be modeled. This makes the model's displace-

ment only a little over three pounds. Since the model had to be adjusted to

neutral buoyancy and trim, it was necessary to hold the total weight of the

essential parts of the model to less than three pounds so as to allow for

trim-adjusting weights. The maximum allowable weights were, therefore,

set as: (1) 1.25 lbs total fo1i the hull, deck plate and conning tower, and

(2) I.Z5 lbs for the power plant, internal control gear, and any consumables

which may be required.

These models were to be used for studying submerged maneuvers only

and, therefore, it was necessary to impose the additional basic restriction

that the models are not to discharge gases or any other exhaust material

during the run, since full-scale submarines have no e::haurt VVL running

submerged.

The net water horsepower required to drive the Odax model at the se-

lected speed of 15 fps was estimated to be about 1/8 horsepower at a pro-

peller speed of Z3,0 00 rpm. The mechanical losses in gear trains, bearings

and seals were expected to be relatively high in these small sizes and high

rotative speeds. In addition to driving the propellers, the prime mover has

to drive also some kind of program control device. The basic requirement

for the prime mover was, therefore, set as that of developing approximately

one-fourth of a horsepower. A high rotative speed at the prime mover ap-

peared desirable in order to avoid thc need for gearing up. A nearly con-

stant power output was considered mandatory.

The requirements for the program control device were that it actuate

any one (or several) of the control plane sets such as stern planes, bow

planes, or rudders, and carry out a predetermined time-sequence of con-

trol plane positions with an accuracy of ±0, 1 degree. In addition, it was

necessary to provide some means for establishing the phase relation be-

tween control plane motions and the motion of the model in its free flight.

The means by which each of these basic requirements was met will

be described separately in the remainder of this chapter.

Design and Development of Model Components

Model Shell

The requirements for the shell were as follows:

(1) It must be watertight and light in weight.
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Model Shell (cont'd)

(2) It must have maximum usable internal volume for propulsion
and control mechanisms.

(3) It must be strong and rigid, yet provide easy access for
servicing and repair.

(4) The material used should be dimensionally stable and easily
formed into complex shapes accurately.

The method of construction finally selected from among a number of

materials and processes considered was that of electroforming dense nickel

over a low melting-point alloy form. The form is melted out leaving a thin,

impervious, light -weight shell which is rigid and dimensionally stable. The

complete model shell is made in three parts: hull, deck and conning tower.

The processes used to produce each one of these parts are as follows:

Concave templates of sheet brass are cut to the ship's lines (with allowance

for skin thickness). The contour of each template is generated on a panto- '
graph milling machine from 5 to 1 hand cut patterns. These templates are

arranged in a dural mold box which has grooves milled on the inside for ex-

act positioning of the templates. The spaces between the templates are then

filled with plaster which is hand-finished so that the edges of the templates 4

protrude from the plaster about 1/32 inch. These molds for the hull and

conning tower are made in halves (split on the vertical certerline) and for

the deck in one piece. Low mclting-point allow (Cerrobase) castings are ob-

tained from these molds , which are slightly over sized but with the exact

contour lines (as formed by the templates) cast into them. The castings are

then hand finished down to these lines and mounted on hangers for plating.

The above sequence is illustrated in Fig. 2-1

The electroforming process is carried out in two steps. The cerrobase

forms are suspended first in a cold bath and plated with soft nickel to about

0. 005 inch thickness. During this period the forms are removed from the

bath several times and the thickness of the nickel plate is measured at

several selected control points. The distribution of electrodes and of so-

called "roller wires" are adjusted each time to minimize the tendency of the

plating material to form excessive deposits on relatively sharp edges and to

avoid plating in concave areas. The remaining 0. 005 inch of the shell is

plated with hard nickel in a hot bath held at 1600 F. This process results in

a fairly uniform shell thickness of 0.008 to 0.010 inch.
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This thin shell remains true to form and surprisingly rigid even after

the cerrobase is melted out. The hull shell is cut into two parts, at the

maximum diameter, to facilitate installation of the power plant. A brass

stiffening ring is inserted at this parting section to increase the rigidity and

Pi to facilitate reassembly.

Power Plant

The basic requirements for the power plant are:

(1) To drive themodel a distance of 30 to 50 feet at a nearly
constant speed of about 10 knots (17 fps);

(2) To fit the narrow, long space within the hull and be light in
weight (about 1-1/4 lbs) including expendable;

(3) All expendables must be accommodated and retained within the
hull, without appreciahlp shift of the C. G. during the ruji.

Several types of power plants were considered. A d.c. electric motor

drive with its easy speed regulation and simplicity was impractical because

the large power source required (batteries) could not be fitted into the hull.

A compressed gas turbine-type drive was unsatisfactory because the hull

volume was not sufficient to accommodate the expanded gas. Clock-spring

type motors did not appear feasible because of high weight to power ratio

and gearing problems. Considerations of this kind led to design of two

types of motors, and test setups for both were begun simultaneously.

A rubber-band motor was considered first because of the high capacity

of rubber for storing energy and because of the absence of expendables of

any kind. However, no information was available on the hysteresis losses

in rubber when releasing energy at the rate required in this case. A mock-

up motor was designed and built in which six 1/4-inch diameter rudder cords

were used to store the energy, and a tapered drum and gear train were de-

signed to produce constant torque at the propeller shafts, Tests showed that

such motors have a high peak output at the beginning and an extreme drop-off

immediately thereafter, and that, in general, the performance depended very

much on the recent history of the rubber,. e. g., the number of load repiti-

tions and the duration of the stress. This type of motor had to be abandoned

because of the low ratio of energy output to energy input and the unpredicta-

bility of the behavior,

A terry type turbine motor was started parallel with the rubber-band

motor, and this power plant proved most practical and was used in the models.
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IThe turbine wheel is driven by a water jet which, in turn, is driven by a

compressed gas. The energy is stored in an ai-'craft-type pressure ac-

cumulator containing nitrogen at high pressure (?200 psi). The water charge

is forced into the accumulator through a special check and trigger valve, ex-

tending a diaphragm (which separates the water and gas) and compressing the

nitrogen to about 2400 psi. A trip lever operated through the model hull

triggers the valve and admits water to the turbine nozzle. Figure 2-3 shows

the water jet issuing from the nozzle in air. The turbine wheel is also shown.

j. Using water for the jet fluid, instead of gas, makes it possible to run the tur-

bine wheel at a reasonable peripheral speed and still obtain fairly good effi-

ciency and with only a small pressure drop during the run. Also, it elimi-

nates the problem of exhausting the gas into the interior of the hull.

iProgram Control System

The requirements for the program control system are as follows:

(1) Control surface angles must be adjusted and controlled to ±0. 10

(2) The control program must be consistent and repeatable.

(3) The control programs must be easily interchanged.

(4) The phase relation between the control plane motions and
motion of the model as a whole during the free-running test
must be known precisely.

These requirements led immediately to a completely mechanical sys-

tem for the sake of simplicity, ease of cnnqtriction and reliability. The

fourth requirement evolved to a flashing bulb technique. The programming

device consists of a very accurately cut flat-plate cam sliding in a grooved

track and driven by the turbine through a reducing gear and lead-screw drive.

A bell-crank type follower rolls along the contours of the cam and transmits

the motion to the control plane through a connecting rod. The linkage is

spring-loaded against the cam to take up necessary pivot slack and provide

exact tracing of the control program. The program may be cut to a high

degree of precision (elevation tolerance is ±0.0002 inch) rather easily but

requirement (1) posed some ticklish problems. The system and supports

must be very rigid to prevent elastic deflections, yet it must remain extreme-

ly light in weight. The pivot clearances must be very close (0.0005 in. max.

diametral clearance) yet keep friction to a minimum; and, in addition, the

spring loading of the system must be sufficient to overcome the external
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forces on the planes as well as take up slack and provide good cdm follow

without introducing excessive friction and resulting hysteresis in control

plane moments.

Requirement (4) is necessary in order to prove similarity between

model and prototype motions for a given control program. The images of

the model on the 35 mm film used to record the trajectory are too small to

ascertain from them the position of-the control planes in each frame. The

motion of the model as a whole may be determined quite precisely from these

films, while the motion of the control planes may be determined by a separate

test (in air or in a water tunnel) but to establish the phase relation between

these two motions required a special signalling device that could be recorded

durinp the test irin, The use of z out bignal, generated by a spring leaf

snapping against the model hull, to be picked by a hydrophone suspended in

the water was tried. The hydrophone picked up sounds from many sources,
such as the propeller, launcher, and the "singing' of the high-speed flash

lamps. The problems of identifying each sound and its reverberations in the

tank, and of tying-in the sound record with the photographic record proved

too difficult, and this approach was abandoned.

A flashing light signal was then considered. There were no known flash

lamps of high intensity and sufficiently short duration which could be carried

in the small model together with the necessary power supply and switching

equipment. However, a successful arrangement was developed by using

parts of a readily available bulb, as shown in Fig. 2-4. The bulb of a photo-

flash lamp (No. 5) is broken off, the metallic wire filling is removed, and

the base also broken off. This leaves only the ignition squib consisting of a

glass support, two wire leads with a filament between them, and a dab of

what appears to be some explosive material at the junction of each wire with

the filament. This is enclosed in a small lucite tube and sealed with wax.

Two of these lamps mounted in a larger tube flash through a window in the

conning tower. Two silver contacts attached to the program cam close

separate circuits near the beginning and near the end of the run to fire the

bulbs. Small dry cells inside the model hull provide the necessary current,

These lamps produce enough light to leave an unmistakable mark on

the film. The total duration of the flash is about 0. 006 sec. and the position

of the maximum intensity can be estimated to ±0. 0005 sec. The delay time
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between closing of the cam contact and the appearance of the maximum in-

tensity on the film is known also to the same precision. This light signal

device allows alignment of the control program to within ±0.05 second

prototype time.

This discussion has outlined the development of the main components

of the models used in the study. Although many refinements in construction

and design evolved, both the Odax and Albacore models utilized the basic

techniques described here. Further details of construction and the improve-

ments thereupon are given under the description of each model.

Description of the U.S. S. Odax Model

The free-running model of the U.S. Submarinte nvy (SS 48) a .LuWu1

in Fig. 2-5 represents a 120:1 scale reproduction of the "Guppy" type con-

version with horizontal stabilizers. The model is 30. 63 inches long and

displaces 3.15 lbs in fresh water. Table 2-1 lists a comparison of other

pertinent model and prototype dimensions.

The electroformed nickel shell is shown in Fig. 2-5 in completed form.

The three hull components (see Fig. 2-6) weigh a total of 0.93 lbs. The hull

was cut circumferentially to melt out the cerrobase form and to provide ac-

cess for installation and servicing of the model propulsion and control

mechanism. The two hull sections are soldered together with a joining ring

whilp Pligned in the assecbly jig shown. This simple jig lines up the center-

line of the model with an accuracy of five minutes of arc in both horizontal

and vertical planes, and with an accuracy of about fifteen minutes in twist.

The program cam is changed by disassembling the model hull at this take-

down joint. The water charge for the turbine is loaded through the circular

hatch in the deck, which also contains the starting valve trigger button.

Figure 2-7 shows closeup views of the control surfaces, propellers

and stabilizers. The rudder and stern planes were first made of lucite but

later remade in brass, The positions of the pivot shafts are clearly shown.

Inside the hollow vertical stabilizer, which is formed integral with the hull

(as is the horizontal stabilizer), a horn connects to the control linkage. The

bow planes are mounted in the rigged-out position and may be preset to a

given angle.

Some details of the power plant are shown in Fig. Z-8. The exploded f
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TABLE Z-1

U.S.S. ODAX SS 484

PROTOTYPE AND MODEL DIMENSIONS

Model
Quantity Prototype al e d easured

Scale IZO 1 1

Length 306. 3 ft 30, 63 in. 30. 63 in.

Beam Z6.0 ft Z. 60 in. Z. 60 in.

Displacement Z813 tons* 3.65 lbs* 3. 154 lbs

Longitudinal C. G.
and C. B. 152. 5 ft 15. Z5 in. 15.32 .

Vxti.tl C.b. above

base line 11. 01 ft 1. 101 in. 1. 00 in.

Vertical C.G. above
base line 10. 25 ft 1. 0Z5 in. 0. 91 in.

Metacentric Height 0.76 ft 0. 076 in. 0. 090 in.

Radius of Gyration 70.5 ft 7.05 in. 6.90 in.

Propellers (2)
dia. 8.0 ft 0. 8 in.

pitch 5. 667 ft 0.567 in.

*Including free flooding volume.
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view shows the relative position of the diaphragm which separates the water

from the nitrogen. During charging and discharging, the diaphragm actually

turns inside out. The small metal button seals off the outlet, preventing ex-

trusion of the plastic into the control valve under the nitrogen pressure. The

nitrogen is charged through a check valve at the right end of the accumulator

in Part(c) of the figure. The charging and starting valve is shown, at the left

end of the accumulator. The water discharges from the valve through the

small tube to the 0.013"diameter nozzle in the turbine frame.

The nozzle fits into the socket directly above the turbine wheel shown

in Fig 2-9a. The 1-1/2-in, diameter wheel develops about 1/4 horsepower

at 28,000 rpm for 2 seconds. The turbine shaft extends to the gear box in

thf.. cfntt.L uf ~he tupport boom (Vart b) driving the two propellers and pro-

gram cam lead screw through reduction gears. The 0. 8-in. diameter

counter-rotating propellers turn at about 22, 000 rps and propell the sub-

marine for 2 seconds at 15-16 fps.

At the left end of the support boom above the propellers is seen a saw-

tooth program cam. The cam moves forward from the position shown about

3-1/2 inches during a run and counter-balances the movement of the water

charge aft from the accumulator through the turbine. Three program cams

representing full-scale run numbers 194, 86 and 84, respectively, are'

shown in Part(c). The silver cam light contact is seen to the left of the

mounting holes on each cam. A fiber ramp deflects the two spring leaves

mounted on the frame so that they snap down on the contact quickly and con-

sistently. The ramp (see Fig. 2-9d) is so contoured that, on returning the

cam to the starting position, the spring leaves are deflected to the opposite

side to prevent fouling with the vertical drop-off of the ramp,

Figure 2-10 shows the arrangement of the protective fenders that were

added to the horizontal stabilizer to prevent fouling of the propeller with the

launcher guide rails. These fenders were later removed after the launcher

and model pusher were revised and a series of test runs made to determine

any effects upon the model behavior.

Description of Albacore Model for Vertical Maneuvers

The free-running model used in this part of the investigation was a

100 to 1 scaled reproduction of the submarine U.S.S. Albacore AGSS 569

(SST Scheme IV) with two control surface configurations. Figure Z-11
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shows the model with the "original" and "revised" control surfaces, re-

spectively, mounted on the same hull. The model, as shown, is 24 inches

long, 3. 27 inches maximum diameter and displaces 4. 5 lbs (original) and

4. 52 lbs (revised), representing the full-scale 200-foot, 2061-ton (original)

and 2071 ton (revised) displacement submarine, Table 2-2 lists compari-

sons of other pertinent dimensions. The two configurations of control sur-

faces and appendages used -for the model tests were designated "original"

and "revised" since several sources exist for each configuration as listed

[ in Table 2-3. Figure 2-1Z shows a relative comparison of the various sur-

faces while the locations are illustrated in Fig. 2-11. There is relatively

little difference in the projected areas except for the vertical stabilizers and

the bow planes. The location of the revised bow planes is considerably

altered, and the type of motion is unique. The operating shaft is inclined

down at 45 degrees from a point 75 degrees below the vertical plane of sym-

metry while the plane axis extends horizontally. This causes a wobbling

motion of the planes during deflection, whereas the original planes pivoted

around an operating shaft inclined 30 degrees downward from the hull

centerline. The major difference in the tail assembly is in the reduced area

of the vertical stabilizers for the revised version. The revised bridge fair-

water and dorsal fin, arrangement is slightly larger than the original ver-

sion but of -the same configuration and location.

The shape of the Albacore by comparison with the Odax is seen to be

shorter and fatter and to consist of a body of revolution with the mere sug-

gestion of a deck and an airfoil-type bridge fairwater (or conning tower).

The body of revolution is defined by a 6th-degree polynomial equation formu-

lated in Ref. (1 3) with parameters selected on the basis of a series of re-

sista-nce tests (Ref. 14)..

The technique of construction of the cerrobase forms was altered

slightly, therefore. The circular cross section portion of the hull was

turned on a lathe with a contour attachment, while the forward deck was

cast in a template mold. The deck was then recessed into the turned hull

form after hand finishing to the contour lines. A close examinktion of Fig.

2-13a will reveal the matching line along the tangency contour between the

hull and forward deck. The electroformed hull before melting out of the

cerrobase form is shown in Part (b), while the complete nickel shell is seen
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TABLE Z-Z

U.S.S. ALBACORE AGSS 569 (Scheme IV Submarine)

PROTOTYPE AND MODEL DIMENSIONS

Prototype Model
Quantity Original Revised Original Revised

Scale 100 100 1 1

Length between
perpendiculars zoo ft 200 ft Z4. 00 in. Z4. 00 in,

Length over-all 203 ft-7 in. 203 ft-7 in. 24.43 in. 24.43 in.
Displacement 2061 tons 2071 tons 4. 53 lbs 4. 55 lbs

(4. 505 lbs)* (4. 515 lbs)'

Beam Z7 ft-3in, Z7 ft-3 in. 3. 27 in. 3. Z7 in.

Longitudinal C.B.
and rG. ift 9. 16 it 89.95 ft 10.699in. 10.794in.
or bow (10,680in.)*

', ,Vertical C. B.
above base line 13.90ft 14.00ft 1.668 in. 1680in.L (1.667 in.)*

Vertical C.G.
above base line 13. 09ft 13. 18ft 1.571 in. 1.582in. J

(1.566 in.)*

Metacentric
height 0. 81 ft 0. 8Z ft 0.097 in. 0.098 in.

(0.081 in.)* (0.091 in.)
Radius ofgyration 46 ft 45.80 ft 5.5Z in. 5.496 in.

(5.47 in.)* (5.68 in.)f

Propeller diam. 10ft-Zin. 10 ft-Z in. 1. ZZ in. 1. ZZ in.
Propeller pitch 9ft-3in. 9ft-3in. l. llin. 1.llin.
Projected areas (1. 0Z in.)* (1. 06 in.)

of appendages
Stabilizers:

- Horizontal Z30 ft2  213 ft2  3. 31 in. 2  3.07 in. Z

- Vertical 230 ft 159 ft2  3.31 in. 2. 29 in.2

Elevators 104 ftZ  107 ftZ  1. 50in. Z  1. 54in.2

Rudders 103 ftZ 107 ft Z  1 . 48in.2  1. 54 in z

Bow Planes 54 ft 32 it 0.78in. 0.46in.2

Conning Tower 239 ft Z  Z77 ft Z  3.44in.2  3.99 in.2

Dorsal Fin Z7 ft Z  Z4 ft Z  0. 39 in. Z  0. 35 in.2

Bow Plane Stock
C aft of bow 15 ft 20. 75 ft 1.80in. 2. 49 in.

* Values measured during test program.
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TABLE 2-3

REFERENCE DRAWINGS FOR CONTROL SURFACES AND APPENDAGES

OF THE U.S.S. ALBACORE USED IN MODEL TESTS

Appendage or BuShips Drawing Number

Control Surface Original Revised

Stern Stabilizers:

Horizontal 1189546 Alt. 0 1190882 Alt. 0

Vertical l189546Alt. 0 1190888Alt. 0

Elevators I I R9-4A Alt. 0 1190802" A.L. 0

Rudders 1189546 Alt. 0 1190888 Alt. 0

Bow Planes P.D. 1663Alt. 2 1190328 Alt. A

Bridge Fairwater P. D. 1663Alt. 2 1190328 Alt. A
and Dorsal Fin

LE
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in Part (c), with afterdeck, bridge fairwater and joining ring in place.

This hull take-down joint provides access for installation and removal

of the propulsion and control mechanism during major repairs and alter-

ations. Access for adjustments and minor repairs is provided by hatches in

the deck and a large openirg in the hull underneath the deck. The two hull

sections are aligned to within +0. 05 degree axially and -0. 2 degree in roll

in the jig shown in Fig. Z-14. The transverse supports were cast to the hull

contours before cutting of the shell and scavenging of the cerrobase. The

contours of the nickel shell were found to be accurate within ±0.001 inch at

the center of the hull and within ±0. 005 inch near the ends on the smaller

diameters. This corresponds to ±0.I inch and ±0.5 inch, respectively,

full scale,

The stabilizer fins were first plated from nickel in the same manner

as the hull shell. These proved to be unsatisfactory in use because of their

low rigidity due to small wall thickness (0. 010 inch) and relatively large

load applied for deflecting the control surfaces. The stabilizer fins finally

used for these tests were machined from solid brass on the pantograph

milling machine. A comparison of the plated and machined stabilizer fin

values is shown in Fig. Z-15. The wall thickness of the machined fins is

0. 025 - 0. 030 inch, giving a strong, rigid and yet sufficiently light assembly.

The control planes were machined from solid brass also.

Model Trim Adjustments: The greater displacement of the Albacore

model and the light weight nickel shell allow a wider latitude in weight distri-

bution and adjustment in addition to more substantial and rigid machinery

than was possible for the Odax model. The location of the center of buoyancy

is fixed, of course, by the hull shape and free-flooding volume. The means

of controlling buoyancy, metacentric height, trim and radius of gyration are

shown in Fig. 2-16 for the forward hull section. Mounted on the joining ring

are three movable main ballast weights, two telescoping horseshoe weights

for raising or lowering the center of gravity (metacentric height) and a

single crescent for adjusting the roll trim. The radius of gyration and buoy-

ancy are adjusted by altering the magnitude of these main ballast weights and

the ballast pellets in the bow and stern tanks. Inclination trim is adjusted by

shifting the pellet ballast between stern and bow tanks. The range of adjust-

ment for these weights is small but sufficient to control the metacentric,

height, moment of inertia and trim within acceptable limits for the high
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model-speed runs. Table Z-Z shows some measured values for the above

dimensions,

The free-flooding volume of the model is different from the full scale,

as shown by Fig. 2-17. On the model only the tail assembly is free-flooding,

whereas on the full scale submarine the bridge fairwater, deck and upper

portions of the hull free-flood in addition to the tail assembly. The effect of

this difference in free-flooding volume is to raise and move forward the cen-

ter of buoyancy in the model compared to the prototype (see Table Z-Z).

Power Plant: The power plant of the Albacore model is an enlarged

(about 20 percent) and improved version of the Odax model power plant. The

accumulator and trigger valve are shown in Fig. 2-18, The sliding.piston

(with an "0" ring seal) and cylindter nrr'ncmcnt, l the plastic dia-

phragm. During loading, the water charge displaces the piston which cor-

presses the nitrogen from ZZ00 to 2400 psi. During discharge the trip-lever

(operated by a plunger through the hull) releases the valve piston which is

forced up by the water pressure to uncover the nozzle-tube part. The water

then issues from the 0. 015-inch diameter nozzle at about 410 fps for 2-1/2

sec. and drives the Terry-type turbine at about 30, 000 rpm.

The turbine drives the propulsion and control machinery pictured in

Fig. 2-19 through a reduction gear train. The 1. 22-inch diameter five-

bladed propeller rotates at about 11, 000 rpm with a 1. 06-inch advance of the

m-~odel per revolution. The propeller shaft is sealed against leakage by an

"0" ring at the tail assembly bulkhead.

Control Mechanism: The control mechanism for the Albacore model

is heavier and more rugged, as seen in fig. 2-19. Two control program

cams are provided for simultaneous operation of two or more control sur-

faces although one only was utilized for the vertical maneuvers. A 2 to 1

gear reduction from the propeller shaft drives the cam lead screw, advanc-

ing the cam bridge to which the cams are fastened at a rate of 0. 0125 inch

per revolution of the propeller. A sliding drive nut fits into a vertical slot

in the bridge, allowing transverse movement of the nut without disturbing

the cams. A small tab on the bottom of the nut fits into a hole below the

bridge slot and takes up the nut torque. The cams are shown about half way

through their travel with the stern plane deflected to about 12 degrees climb.

A 1/8-inch diameter roller follows the cam contour and transmits the motion
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to the planes through the follower bell crank and connecting rod. The initial

plane angle is adjusted by changing the connecting rod length with the differ-

ential turnbuckle. One revolution of the turnbuckle deflects the stern plane

by 0. 5 degree. A "dog-leg" shaped extension of the connecting rod operates

the stern plane horn through the hollow horizontal stabilizer fin. A neoprene

bellows seals the tail cone bulkhead where the rod passes through yet allows

free movement of the rod. A coil spring attached to the bulkhead loads the

linkage against the cam and takes up slack in all pivots except the stern plane

pivots which have a maximum play of ±0. 05 degree. The program cam has a

deflection ratio of 0. 0084-inch elevation per degree of stern-plane rotation

which is linear over a range of ±18 degrees. The cams are contoured to

within ± 0, 0002 inch (±0.02 degree) while the linkage is maintained to ive

maximiim pnlnc d;.1itiuu ui . i degree. The slope of the contour shown in

Fig. 2-19 represents a full-scale plane deflection rate of 5 deg/sec. The

$ small notch at the left end of the cam is a reference for positioning the cams

in the model before each test run.

A silver contact for operating the cain lights(program cam position

indicator4 is mounted on the underside of the cam bridge and makes contact

with six phosphor bronze spring leaves mounted inside the machinery boom

(see Fig. 2-19). Three minature pen-light bulbs mounted in the bridge fair-

water (Fig. Z-ZOa) are flashed successively by alternate contacts to produce

the streak on the recording film shown in P4-t (b). The ciecuit shown in

Part (c) allows multiple flashing of the bulbs, replacing the one-shot flash

bulb used in the Odax model. Four small pen cell batteries charge up the

condenser through the resistor before and between contacts. When a contact

is grounded the condenser discharges, bringing the light up to brilliance

quickly while the batteries maintain the current for the duration of the con-

tact. Use of the condenser reduces the delay between contact and appearance

of the streak on the film to 0. 005 second, which represents 7. 5 feet full scale

at 25 knots.

Description of Albacore Model for Horizontal Maneuvers

The Albacore model as used for the horizontal maneuvering at Froude-

scaled speed represented the "revised" configuration of control surfaces and

appendages only. Figure Z-Zl shows several views of the model ready to run

and also disassembled. Major modifications were required in the power plant
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for reducing speed from 15 to 4. 2 fps and in the control mechanism for ad-

dition of rudder and dorsal rudder control. Improvements in the static trim

*i adjustments were also required for more precise control of weight distri-

bution.

Hull : A new hull and main afterdeck were electroformed for the hori-

zontal turning maneuvers incorporating several improvements. Recesses,

such as shown in Fig. Z-ZZ were formed in the hull during plating for the

main hatch and two afterbody access hatches. The main deck fits into the

hull recess and is held by the fastening screw. The joints are sealed water-

tight with rosin wax which requires little heat and minimizes distortion of

the hull from repeated heating and cooling. The bridge fairwater is likewise

held with a screw and wax sealed while the aft-h-ly accc... La~tihes are

sealed and held by wax. -

The hull take-down joint is a bayonet sleeve-type joint allowing faster

disassembly and more accurate assembly and alignment. Three radial pins

(shown in Fig. 2-23) in the forward section engage the axial slots in the aft

section and lock in place with a 7-degree rotation. The nozzle tube outlet on

the trigger valve was shifted to a position coaxial with the hull longitudinal

axis with an "0" ring seal to allow rotation of the tube relative to the valve

during locking of the bayonet joint. This joint is sealed with wax also.

Propulsion System: The propulsion system remains the -;me as used

for the vertical maneuvers with appropriate modification for reducing the

model velocity from about 16 fps to 4.2 fps, and for extending the run time

from 2. 0 seconds to 10 seconds. This was accomplished by reducing the

turbine jet diameter from 0. 015 inch to 0. 008 inch, increasing the gear ratio

from 3:1 to 9.36:1 (turbine speed to propeller speed), and reducing the initial

accumulator pressure from Z00 psi to 1850 psi. The resulting propeller

speed was then about 3300 rpm compared to 11, 000 rpm previously. The

turbine wheel speed remained about the same (30,000 - 33,000 rpm). The

U power output was reduced from about 0. 25 hp to 0. 04 hp, of which 0. 03 hp

is absorbed by the mechanism leaving 0. 01 hp to propel the model. Due to

the large effective inertia of the double reduction gear train and program

cam drive compared to the small jet size, about one second is required to

accelerate the mechanism up to running speed. Minor variations of velocity

are made by means of a pressure bleed valve o1 the accumulator which allows
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control of pressure within ±10 psig. The value consists of a vented hollow

needle pin-sealed with an 1O01 ring. The vent port is screwed in past the

1"0" ring, allowing the gas to leak out slowly.

The speed regulation of the mechanism proved quite good, while the

travel of the model per revolution of the propeller was approximately 1. 00

in/rev. This corresponds to a slip of 11 percent on a straight course.

Control Mechanism: A general view of the machinery boom, linkage

and drive shaft connected to the tail section is shown in Fig. 2-Z4a, as seen

from the port side, while Part (b) shows a closeup of the linkage viewed from

the starboard side. The stern plane linkage is essentially unchanged except

for the zero adjusting mechanism. The differential turnbuckle is replaced

by a two-piece follower bell-crank mounted nn cO'nMr:IJ pivots. A set-screw

,djustrnent varies the angle between the follower arm and the linkage arm to
provide zero linkage positioning over a ±_1 degree plane angle range. Large
changes are made by slipping the rod in the clamp. The long coil spring

provides adequate loading to take up slack in the linkage and load against the

program. The tail section linkage and stern plane horn remain unchanged.

The rudder control programming makes use of the space cam mechan-

ism originally intended for control of the bow planes. Two follower assem-

blies were used during the horizontal turning maneuvers, the one shown in

Fig. Z-Z4b being used for all except the roll control tests (Phases 3 and 4).

The follower-crank shown hcar is similar to the stern-plane assembly.

The transverse shaft of the rudder push rod pivots in the horizontal bearing

on top of the bell-crank, while the opposite end pivots on the vertical shaft

of the rudder horn (see Fig. Z-Z5). The unavoidable misalignments due to

movements of the ends in perpendicular planes is accounted for by allowing

side play in the horizontal bearing. The follower assembly is spring-loaded

against the program cam by the arched leaf spring shown. Play in the re-

maining linkage pivots is controlled closely enough by nickel plating of the

pivot shafts to preserve the ±0. 1 degree over-all play. Two neoprene bel-

lows seal the rudder and stern plane control rods at the tail bulkhead. A

telescoping clamp on each rod provides for large zero shifts and for re-

moval of the tail section.

The rudder and stern plane pivot arrangement is shown in Fig. Z-Z5a

and 2-Z5b. A hollow vertical post between the vertical stabilizer fins supports
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the center bearing cross and provides a bearing for the rudder pivot shaft.

The rudder planes are soldered to the shaft extension while the inboard ends

pivot on the post. The fixed mounting of the center cross provides an inboard

bearing for the stern planes. The stern plane shaft is carried around the

vertical post by a "yoke" inside the center cross which is relieved to allow

±20 degrees stern plane angles. The control rods may be seen protruding

from the stabilizer fins.

The dorsal rudder control linkage (added for Phases 3 and 4 only) is

operated simultaneously by a common cam follower from the rudder program

cam. Partially assembled views of the model with the dorsal rudder linkage

are seen in Fig. 2-Z6. The two-piece rudder follower assembly is replaced

with a single spring steel piece. The rudder and cnir- 1 ruddcr y, ,L piivU.

on a common shaft with provision for separate pivots to change the dorsal rud-

der ratio. The neutral angle of the rudder is changed by flexing of the follower

while the dorsal rudder neutral angle is changed by altering the length of the

control rod at the telescoping joint. The dorsal rudder is pivoted in the exist-

ing bearings of the bridge fairwater by the operating tab, which allows re-

moval of the bridge fairwater as a unit for servicing of the cam light bulb.

The operating shaft is sealed at the deck by an "0" ring to prevent leakage in-

to the hull, while a chamber around the pivot horn and shaft drains any pos-

sible leakage into the turbine compartment. A neoprene bellows on the con-

trol rod, where it pierces the turbine bilklhead, prcvcnts bpray from the tur-

bine collecting in the afterhull. This linkage provides 37.5 degrees and 22.5

degrees dorsal rudder deflections for port roll for 35-degree and 18-degree

starboard rudder throw angles, respectively, with an accuracy of ± 1/2 degree.

For preliminary roll control tests, a reduced height bridge fairwater

was cast in wax, duplicating the top third of the electroformed unit. Figure

2-27 shows the wax mold in place over the base with the full height bridge

fairwater for comparison.

Model Trim Adjustments: The trim of the model was adjusted to the

values shown in Table 2-4 as compared to the scaled values listed. The range

of adjustment available and the change during the test run is shown also. The

mechanism for independent adjustment of the C. G. in three directions is shown

in Fig. 2-28. Vertical trim weights mounted on the take-down joint bulkhead

- are moved around the circumference with about 2-1/2 inches vertical travel
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TABLE 2-4

MODEL STATIC TRIM CONDITIONS AND ADJUSTMENTS

FOR THE HORIZONTAL TURNING MANEUVERS

Range of Change
Quantity Scaled Measured Adjustment During Run

Center of buoyancy:
in. above baseline 1.680 1.686 0 0

in. aft of bow 10,794 10.662 0 0

Center of gravity:
in. above baseline 1. 58Z 1.588 +0.016 to-0.051 -0.010(est)

in. aft 3f "OW lo. -94 10. 0Z o0.012 0

i Metacentric height
in. 0.098 0.098 +0.016 to- 0.051 +0.010(est)

Radius of gyration
in. 5.496 5.496 ±0. i60 +0.08Z to -0.122

Displacement 4.639 4.498 +0.100 0
lbs. (sea water) (fresh water)

Static Inclination
deg. 0 +15 +0. 2

Static Roll
deg. 0 + 3
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through the hatch with the wrench shown. The longitudinal trim weight

slides on rails along the bottom of the turbine compartment behind the

vertical trim weights. The longitudinal trim may be adjusted externally

with the model submerged by means of the slotted arm and shaft which is

sealed at the deck by the "0" ring, as shown in art (a). No provision is

made for counteracting the 0.010-inch change in vertical C.G. due to water

discharging into the bottom of the turbine compartment from its initially A

higher position in the accumulator. Longitudinal sloshing of the water is

limited by the baffling effect of the trim weight assembly, and has no

measurable effect upon the static trim of the model. The longitudinal

weight transfer due to the water movement aft is counterbalanced by the

forward travel of the program cam and yoke assembly. Individual cam

wc A(Igh d ifferences are accounted for by adding proper ballast at the cam
yoke. Although static trim is controlled within i..2 degree, this weight
transfer causes a 7 percent reduction of moment of inertia of the model

during the run. The radius of gyration was adjusted initially high so that

approximately the scaled value is attained when the control action is initi-

ated. The static roll trim is adjusted by the transverse movement of a

weight sliding in a tube fixed to the trigger valve, as shown in Part (b).

Adjustments are made through the hatch.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

The development of the small scale free-running submarine models re-

quired a parallel development of experimental techniques and procedures in

order to assure consistent and reliable test results. This chapter describes

some of the test procedures used and the auxiliary equipment developed to

meet the tolerance requirements.

Model Performance

In addition to extensive testing of the various components of the model

mechanisms, the performance of each model as a unit was tested for running

qflPpfl -1d control tyv, rming. 'he test setup with the Odax model in the

Free Surface Water Tunnel is shown in Fig. 3-1. A modified G. E. magnetic

phonograph pickup is attached to the stabilizer fin so that it will generate

pulses due to the passage of the propeller blades. These pulses, together

with a timing signal, are recorded on an oscillograph. A propeller release

wire prevents freewheeling of the propellers in the stream and thus starting

of the program cam on its way prematurely. The model is mounted on a

swinging parallogram suspension. The operator is seen holding a rod againsl

the starting button of the model ready to tap the rod with a hammer. A wire

connecting the rod and hammer with the oscillograph puts a pip on the oscil-

lograrn to indicate the instant the turbine is started. A moving picture of the

stern plane motions is taken simultaneously with the oscillogram to determin

how well the cam program is followed. For later test setups the cam lights

were included in the field of view of the camera.

During such a test the water is run past the stationary model at about

the free-running speed of the model, the model's power plant is started and

a time history of the propeller speed and plane motions is obtained. With

the magnetic pickup mounted close to one of the propellers, the propeller

speed and thrust are not exactly the same as in a free run. However, the

relative magnitude of the variation in speed is indicated quite precisely. The

thrust of the propellers is indicated roughly by the relaxation of the spring at

the top of the suspension bar as the model swings forward against the stream

when the turbine is started. Various alterations to the power plant and con-

trol system were made on the basis of these tests until satisfactory
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performance was obtained. Figure 3-Z shows typical propeller speed histo-

ries for the Odax and Albacore models at a tunnel speed of about 15 fps. It

is seen that the propellers come up to speed very rapidly (full speed is about

0. Z sec.). The drop in speed after 1. 0 sec. for the Odax model (Z. 0 sec.

for the Albacore) is felt to be due to the accumulation of enough water mist

in the turbine compartment to slow the wheel. The curve for the Odax with

cams shows little difference due to the programming of the planes.

Tests of the Albacore model for horizontal maneuvers were made first

on a bench mockup similar to Fig. 2-8 using a prony brake on the propeller

shaft. Propeller acceleration and running speed were measured with a free

shaft with a history similar to Fig. 3-Z. The larger effective inertia of the

higher ratio gear system and the smaller jet size (0. 008-ir, dia.) -dld

in a longer acceleration time (about 1.0 sec.). A time delay was incorpo-

rated in the launcher circuit to allow the model motor to accelerate to speed

before ejecting the model from the launcher.

Mea suring Fixture s

Control Plane Angles: In order to measure and control the physical

constants and control surface's angle and motions, a number of fixtures and

jigs were developed, The device for measuring the Odax model plane angles

is shown in Fig. 3-3a. It was assembled from existing parts and consists of

a telescope with cross hairs, parts of a drafting machinc and adjustable

stand. The device measures the angle between the stern plane chord line

and a horizontal line scribed on the edge of the fixed stabilizer to an ac-

curacy of ± 5 minutes of arc. The bow plane angles are compared to a hori-

zontal reference line on the measuring stand. The stern plane motions are

checked point by point as the program cam is advanced by turning the pro-

pellers by hand.

Pointers were attached directly to the control surfaces and protractor

scales mounted on the jig for determining plane angles on the Albacore model,

Figure 3-3b shows the arrangement used for calibrating the control programs

for the vertical and horizontal maneuvers. The planes are held at the zero

angle by contoured "zero" blocks while the pointers are adjusted to the scale

zero index as illustrated in Parts,(c) and (d). With zero blocks removed, the

planes are set at the desired neutral angle by means of the appropriate
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!i linkage adjustments. The program cams are advanced by turning the pro-

pellet with the hand crank and revolution counter. The operator reads the

plane angles on the scales as a function of propeller revolutions, while the

meter indicates the position of the six cam light contacts. This position

history of control planes versus propeller revolution is correlated with the

model position in the tank by means of the cam light flashes. (See Appendix

C). Similar fixtures for the dorsal rudder and bow planes mount at appro-

priate positions on the measuring jig.

Propeller Gage: A gage was developed for checking the propeller

blade's angle and straightness for the horizontal maneuvering tests. For

the high model speed tests, the propeller condition was not critical as long

as constant speed was maintained. But at Froude scaled speeds, small dif-

ferences in the propeller had a noticeable effect upon the model behavior.

The gage (Fig. 3-3d) consists of a two-pronged pointer mounted on a sliding

bar with an adjustable point beneath. With the bar extended against the stop,

0i the lower point indexes the blade to a vertical position while contact with

both prongs of the pointer indicates blade straightness to within one-half (1/2)

degree. The pointer angular position then measures the blade pitch angle to

within one-half (1/2) degree.

Static Trim Constants: The static trim constants (buoyancy, longi-

tudinal trim angle, moment of inertia) for the Odax model and the Albacore

model for vertical maneuvers were adjusted and measured only once prior

to the test program. The method employed was to suspend the model from

a knife edge at different attitudes and determine C. G. location by the inter-

section of the respective vertical lines from the knife edge. The center of

buoyancy was determined by suspending the model under water and measur-

ing the moment required to pull the vertical plane of symmetry to horizontal.

Moment of inertia was measured on a torsion balance by comparing the

period of oscillation of the model to that of a calibrated rod. Static trim and

buoyancy were checked visually prior to each run by releasing the model

while submerged.

C. G. - 1 Balance: For the horizontal maneuvers with the Albacore

model at 4. 2 fps, buoyancy and static trim were measured and adjusted be-

fore each test run while metacentric height and moment of inertia were

measured for each control program series These static constants of the
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model were measured and adjusted using the device shown in Fig. 3-4. The

"C. G. -I Balance" consists of a clamping ring with transverse stub shafts

supported by precision micro ball bearings with a torsion wire clamped at a

third support. The balance frame is doweled to the model measuring jig so

that the ring is clamped on the model at the scaled longitudinal C. G. location

on the hull axis. With model adjusted to neutral buoyancy, the longitudinal

trim is adjusted in the flotation tank as illustrated in Part (b). With the out-

board bearing removed, the roll trim is measured (still submerged) with the

attachment shown in Part (c). The buoyancy tank accounts for the tare

weight of the ring and attachment with the balance weight in the center po-

sition. With the model clamped in the ring, the displacement of the weight

required to recenter the pointer is a measure of the static roll trim. With

the balance in the vertical position, as shown in Part (d) and with the out-

board bearing removed, the model and ring pivot around the inboard spheri-

cal bearing, the weight being supported by the torsion wire. The balance

is recentered by moving the weight along the calibrated rods to determine

metacentric height while submerged and vertical C. G. location in air. With

the outboard bearing replaced and balance rods removed, the frequency of

oscillation (in air) is compared to that of the calibrating rod to determine

moment of inertia. The longitudinal C. G. location is measured in air with

the model and balance in a horizontal position by adjusting the weight on the 4

longitudinal rods. This device allows measurement of C. G. and metacentric

height to within 0. 001 inch, radius of gyration to within 0. OOZ inch, static

roll angle to within ± 0. 2 degree and adjustment of longitudinal trim to

within + 0. Z degree.

Metering Pump: The models require only a small amount of water

charge to operate the turbine, but it must be loaded against the high pres-

sure (2200 psi) of the accumulator. Figure 3-5 shows the Albacore model

being charged with a special metering pump built to fulfill these needs. A

nozzle at the bottom screws into the model trigger valve. The hand-operatec

screw pushes a 3/4-inch diameter piston in the pump body and forces the

water charge into the accumulator against the gas pressure. The gage indi-

cates the water pressure while the quantity is metered by counting revolutions
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Test Procedure

The procedure for conducting a model test was essentially the same

for the Odax and Albacore models. Refinements evolved only in the manner

of performing individual measurements with the auxiliary equipment des-

cribed above.

The launching tank is prepared for a test run simultaneously with the

model, as described in Appendix B. The model is prepared and the test

run made in the following sequence:

(1) Fresh batteries and the proper. program cam are installed. The
mechanical operation of the model machinery and control linkage
is checked by running the turbine with an air jet.

(2) The model is placed in the measuring jig; alignment of hull, control
surfarp" qn prrcpllcr i. an k..d dud adjusted, and the program
cam is calibrated.

(3) After calibration, the program cam cams are returned to the start-
ing position, the deck and bridge fairwater are mounted in place
and the model checked for leaks by applying a slight internal air
pressure with the model submerged in a small flotation tank.

(4) The model accumulator is charged with 0. 08 lb water with the
metering pump. The weight before and after loading is recorded.

(5) The static trim constants are measured and adjusted as necessary.

(6) The accumulation of dirt and oil from handling is washed off and
the model checked again visually while being carried to the launch-
ing tank.

(7) A final check of buoyancy and trim in the tank is made after
flooding the free-flooding. spaces by releasing the model when
completely submerged.

(8) The model is slid into the launcher guide rails, seated against
the model pusher, and the turbine trigger adjusted.

(9) The tank is darkened, the model is launched and the trajectory
recorded as described in Appendix B.

(10) After the run, the model is retrieved with an adjustable claw
device, and the buoyancy and trim checked.

(11) Visual observations are compared and necessary corrections
decided upon for succeeding runs.

(12) The water charge is drained, the model dried with air, the cams
returned to the starting point, and the above procedure repeated
for succeeding runs.

CONFIDENTIAL



CONFIDENTIAL 4-1

CHAPTER 4

TEST RESULTS AND DISCUSSION - U.S. S. ODAX

Ai Purpose

The purpose of Part 1 of the investigation of the dynamic control char-

acteristics of submarines by means of free-running models was to determine

whether the small-scale model will duplicate the dynamic behavior of the full-

scale vessel. The U. S. Submarine Odax was selected for this part of the

study because this boat was subjected to an extensive series of sea trials, and

good records of its performance over a wide range of test conditions and a

variety of maneuvers were available. The sea trials (Ref. 17) included me-

ander tests, zig-zags in the vevtical plane, dive-and-pullouts, and horizon-

tal maneuvering tests. The parallel purpose nf dc'l-oping th, £± ee -ilying

model technique is implicit here as well as in the remainder of this work.

The results presented in this chapter represent the first step in proving and

evaluating the model technique. As was pointed out in Chapters 1, 2 and 3,

the precision used in building and operating the model and in making the

measurements must be of sufficiently high order so as to eliminate this con-

sideration in the evaluation of the efficacy of the method. Throughout the

study, efforts were being made to improve and refine the experimental tech-

niques. The test results are presented in chronological order (Chapters 4,

5 and 6) and give an indication of the improvements that have been achieved.

Model Test Program

The model test program consisted of determining the response of model

to four control programs selected for reproducibility of control action and

type of response. The first type of program considered was the pull-out

maneuver which appeared simple at first since it consists of only one dive or

rise and one pull-out. However, this very simplicity makes it a difficult

maneuver to reproduce because, in reality, it is not a well defined one in

itself, but consists of two transitions, first from a level path to an inclined

path and then back to a level path. Also the motion of the vessel during this

transitional type maneuver is particularly affected by the recent history of

the motion, that is, by any angular displacements or angular velocities that

may have existed just prior to the beginning of the maneuver. Since the re-

cords of the prototype maneuvers did not include the motion covering a
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sufficient time interval before the maneuver was entered into, it would not

be possible to reproduce the minor events preceding the main maneuver.

The zig-zag tests appeared easier to carry out with the model since the

motion eventually settles down into a repetition of cycles that are similar to

each other. The zig-zag test records of the Odax also start at the instant

the maneuver is entered into, but the motion appears to be only slightly af-

fected by prior events of minor magnitude. For some of the runs, the record

actually begins with the submarine already in the maneuver, so that a definite

and large motion already exists and would provide a measure of this effect on

the model trajectory.

This type of control program was selected, therefore, as being most

suitable for reproducing with the model. If period and amplitude of oscilla-

Lion oi the model about a median line were similar to the prototype, then it

was felt that a suitable modification of the diving plane motion prior to the

main maneuver or during the first half cycle only would provide over-all

agreement. Four full-"scale runs of the zig-zag type were selected from the

sea trials on the basis of (1) period of the cycle, (2) regularity of control

plane program, i. e. , absence of "hash", (3) full-scale speed of nine knots or

more for the reasons outlined in Chapter 1, and (4).use of active stern plane

control only.

Prototype and Model Test Procedures

The procedure for the full-scale test was as follows:

(1) With the ship in neutral trim and buoyancy, and with bow planes

set at zero, the ship was run at the desired speed and at a depth of 175 feet

for a long enough time to obtain steady trim and diving plane angles.

(2) The stern planes were then moved quickly to a dive angle of +6
s

and held until the trim angle reached - E, then moved quickly to a rise angle
of --f - and held until the trim angle reached +08; then moved quickly to a

dive angle of + 6 and this cyclic pattern continued.

For an initial rise in the first cycle, the above signs are reversed.

Table 4-1, below, gives the schedule for the full-scale trials which were

tested with the model.

i I T
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TABLE 4-1 ZIG-ZAG TEST SCHEDULE (Excerpts)

Test Speed Execute angle - e Stern plane angle
No. knots degrees degrees

84 10 8 10

86 14 use 30 first reversal 10
then 00

87 14 2 10

194 10 use 30 first reversal 15
then 0

The records of these full.-scale tests, made by automatic recording

instruments, showed continuous plots of the ang,11r poolLions of stern planes,

hnvr p1:ni, w±d rudder, as well as speed, depth, inclination (a pitch), roll

and heading, all plotted against time. In all the tests listed in Table 4-1,

the bow planes and rudder were held in neutral position throughout each run.

Since the model contains neither pilot nor any instrumentation which

senses depth or inclination, it was not possible to present instructions to the

model in the same form as given for the full-scale trials. The model was

instructed, by means of the mechanical cams described in Chapters Z and 3,

to reproduce the same time-sequence of stern plane motions as were carried

out in the full-scale sea trials. The unit of time that was used in Roing from

full scale to model was not the arbitrc-ry unit of "seconds", but the dimension-

less unit "time to run one ship-length".

The model test runs were made in two steps, as follows:

(a) The model was run with pre-set control planes, i. e. , no control
programming, and the angles changed until a nearly straight and
level run was obtained. The model buoyancy and trim were ad-
justed to neutral before each run.

(b) The test run was then made with the control program superimposed

upon the control plane "neutral" angles of (a). A short neutral run
of about two shiplengths is provided before start of the control pro-
gram for the purpose of evaluating the initial conditions and their
effect upon the subsequent trajectory. The control program is
determined and correlated with the resulting trajectory as des-
cribed in Chapter 3.

CONFIDENTIAL



CONFIDENTIAL 4-4

Presentation of the Test Results

The model test results are presented in Figs. 4-1 to 4-5. Three curves
are shown for each test made: (1) the stern plane action, (2) an elevation

view of the trajectory, and (3) pitch angle, all plotted against either horizon-

tal distance or time in prototype scale. Two modes of presentation are used

in order to show the entire process used in handling the data and at the same
time avoid tedius repetition:

(a) Two individual tests are used as samples to show, step-by-step,
the processes involved in going from raw model test data, to
conversion to prototype time and distance scales, to comparison
of model and prototype test results, and the two simple correc-
tions applied to the model data. These two tests are presented
in Figs. 4-la to 4-1c and Figs. 4-2a to 4-2e.

(b) For the remainder nf tc tcrt tl resuits are presented in
groups of repeat tests, each group inade with one stern plane
program to indicate the degree of-consistency of the model's
own behavior. These are shown after having been corrected in
the same manner as in the two preceding examples, and the
magnitude of the two corrections are indicated on each indi-
vidual curve.

An average is obtained from each group or family of model
curves, and the average model behavior is compared with that
of the prototype,

These groups of tests are presented in Figs. 4-Zf through '

4-5d.

Adjustment of the Model Data

Although no records were made prior to each maneuver, an attempt

was made to control the initial conditions of the prototype by running long

enough to obtain steady trim and diving plane angles. (See Test Procedure (1)).

That is, some measure of continuous control was exercised. However, for

the model tests, no such continuous control was possible and the initial con-

ditions depended upon the manner in which the launching mechanism releases

the model after accelerating it up to its constant running speed and the be-

havior of the model during the neutral portion of the test run. A tight rail or

launcher could not be used for fear of damaging the model, and some loose-

ness existed in the device. The model, therefore, did not always start out

level or with zero angular velocity.

Two separate adjustments of the model data were made, as illustrated

in Fig. 4-1, for a typical model test run. The response of the model to
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Program Cam No. 7, representing prototype run No. 84, is shown in Fig.

4-la as received from the analyzer (see Appendices B and C). The data

points shown represent the position and attitudes of the model at each frame

recorded (0. 05 second intervals) as indicated by the counter readings. The

distance scale in the launching tank is also shown. The short, heavy lines

denote the position of the model at which the cam lights flash after being

triggered by the contacts on the program cam. The depth trajectory is

seen to be starting slightly downward due to the action of the launcher.

This model test data is expanded to full-scale dimensions as described

in Appendix C and compared to the prototype behavior for the corresponding

control program in Fig, 4-lb. The stern plane action shown reproduces that

of the prototype very closely. The positions of the cam light qignil nre

near the beginning and about half way through the program. The slopes of

this curve represent a plane movement rate, of 5 deg/sec.

The inclination and depth curves are shown to a distorted scale since

they are plotted against time instead of horizontal distance. The discrepancy

between model and prototype curve is therefore very much exaggerated. The

peaks of the model curves are seen to be below those of the prototype, and the

model trajectory generally slopes downward. These curves are aligned hori-

zontally by the first cam light position as determined from the bench calibra-

tion of the control program. The interval between the cam light positions is

seen to cnrnpire closely.

Figure 4-1c shows the comparison of the model and prototype curves

after applying the corrections in two steps. The first correction consists of

a change in the inclination of the average path of the model's trajectory based

on the slope of the neutral portion of the trajectory. That is, the trajectory

is rotated in the plane of the paper to make the neutral portion horizontal.

It will be noted that the relation of the model trajectory amounted to only

0. 35 degree in the case shQwn here. In none of the runs was this correction

more than 2 degrees. This correction when applied to the inclination curve

consists of the addition of a constant angle equal to the rotation of the trajec-

tory.

Now, it will be noted that although the amplitudes agree, there is a

phase difference between the model and prototype curve. The second cor-

rection accounts for this difference by a shift in the time scale of the model
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curves as shown in Part (2) of Fig. 4-1c. This amounts to a few seconds on

the prototype time scale or a few hundredths (0. 06 sec) on the model's time

scale. Both corrections are made on the basis of the depth trajectory curve,

,,and the inclination curve is adjusted by the same amount. These corrections

are made arbitrarily to show the small magnitude of correction required to

obtain good agreement between model test results and the full-scale runs. It

is believed that these differences are due primarily to the manner in which

the launcher mechanism starts the model on its way.

Although the model generally started off slightly downward, in some

cases the launcher caused it to slope upwards. Such a case is shown in Fig.

4-2 for test run No. 446 with program cam No. 8 representing prototype run

No. 87. Figure 4-2a shows the model trajectory with data points a it iP-

e i i 1lh Ldnk, vlart (b) shows the depth trajectory of the model com-

pared to the prototype plotted again to an exaggerated scale. On rotation

through an angle of 1. 51 degrees clockwise, as in Part (c), quite good agree-

ment is obtained except for a phase difference. After a shift of 2. 5 seconds,

the agreement is good until toward the end of the trajectory. The corres-

ponding inclination curves showing the successive corrections are seen in

Fig. 4-2e.

A comparison of four model curves after applying the above corrections

is shown in Fig. 4-2f. The repeated model trajectories indicate a consistent

model response to the program and give a measure of the effcrt of the initial

conditions upon the reproducibility of the dynamic response. It may be noted

that the deviation increases rapidly, particularly in depth, toward the end of

the run. This is due to the exhaustion of the water supply in the model's

power plant. Power cutoff always causes this model to dive.

Figure 4-Zg shows a comparison of the average response of the model,

taken from the four tests of Fig. 4-2f, with that of the prototype. The agree-

ment, although not perfect, was considered remarkably good at the time of

these tests. If the tests were done again at present it is felt that the results

would be at least more consistent and a better measure of the degree of

agreement could be obtained.

A number of comparisons with other prototype tests gave similar re-

sults. Figure 4-3 shows the results obtained with program cam No. 6,

representing prototype run No. 86. For this run, the submarine had already
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begun the maneuver before the record started. Estimated control program

and response were obtained and the initial plane motion designed therefrom.

Figure 4-3a shows the relative response of eight model runs after applying

corrections. The initial conditions are seen to vary considerably but the

general response is consistent in form. The four runs with the larger initial

slope of the trajectory are seen to oscillate with a larger amplitude, also.

However, the average response of the model (Fig. 4-3b) is seen to compare

quite well with the prototype response. The amplitude of the depth response

of the model is seen to be slightly greater than the prototype. The deviation

again grows larger toward the end of the trajectory.

A comparison with prototype run No. 194 of six model tests run with

program cam No. 5 is shown in Fig. 4-4. Part (a) shows the relative re-

sponse and rA -itcncy :,f tI± itudel atter applying corrections, while Part

(b) shows the comparison of average model and prototype response. It may

be noted that this series had stern planes deflection angles of ± 15 degrees

whereas the other programs tested had ± 10 degrees. Also, the prototype

speed is 10 knots compared to 14 knots for Fig. 4-2 and 4-3 while the model

speed remains constant. This means that for the length of the model's trajec-

tory a larger number of cycles is possible before power cutoff. The six

model tests still show quite good consistency over almost one additional

cycle, while the relative differences remain about the same. The average

response of the model appears to compare with that of the prototype some-

what better than with runs Nos. 86 and 87 as shown in Fig. 4-4b.

As has been pointed out previously, it was felt that the launcher re-

leased the model in such a manner that the model started downward. This

was found to be the case when the launcher rails were removed. The model

fitted in the rails with the axis inclined downward with respect to the line of

motion, and consequently when ejected by the launcher the model started on

an initial trajectory that was inclined downward in most cases. Therefore,

the launcher was suitably modified and a few model test runs were repeated.

Another factor entered into repeating some tests also. Most of the

preceding tests were made with small fenders added to the fins on the model

which were necessary to prevent damage to the propellers during launching.

It was found that at the end of the acceleration period, when the stern of the

model left the pusher, the stern dropped and the propeller tips were damaged
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by contact with the lower rails. A temporary cure was effected by solder-

ing small vertical plates along the edges of the fins (see Fig. 2-10). To

eliminate the need for fender plates, a fifth rail was added along the bottom

of the launcher rails under the vertical rudder.

Figure 4-5 shows a comparison of model test runs, (a) before the above

modifications were made, and (b) after the modification. A comparison of

the average model trajectory for each series of tests with the prototype run

No. 84 is seen in Fig. 4-5c. The first series of test runs exhibited the usual

initial downward slope, while the second series of runs showed that the

model left the launcher on a trajectory that was very nearly horizontal.

Nevertheless, the subsequent model trajectories had to be rotated slightly

in either case. It may be noted in Fig. 4-5a that most of the curves had to

be rotated tip, n- L'untcrclochva,., .ur the tirst series, while for the second

series all were rotated down, or clockwise.,

The comparison of average model runs and prototype trajectory in Fig.

4-5c indicate that the modifications to the launcher and removal of the fen-

ders did not alter the behavior of the model by very much. If we take the

amplitudes of oscillation of the full-scale submarine as 100 percent, then in F

the first series of model tests the amplitude in depth was 98.8% and in pitch

90. 3 percent, while in the second series the amplitude in depth was 104. 3

percent and in pitch 92. 5 percent.

The trend of the variation of Pmplitudco of oscillation of the model as

a function of the inclination of the neutral portion of the model trajectory is

shown in Fig. 4-5d. The abscissa shows the angle through which the model

trajectory had to be rotated for comparison with the prototype trajectory, and

the ordinates give the resulting amplitude of oscillation in depth and in pitch.

The curves show that the resulting amplitude in depth is a linear function of

the inclination of the model trajectory and that two lines may be drawn

through the points, one for the first series of runs and another for the second

series. The distinction between the two series of runs is not as clear in the

case of pitch amplitude, since one curve can be drawn through all the points.

It is not known whether the differences exhibited by the two series of tests

are due to the modification of the launcher and removal of fenders from the

fins or, perhaps, due to the fact that the model mechanism as a whole had

taken considerable wear in the intervening test runs. Figure 4-5c does seem
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p to indicate that correction by rotation of the model trajectory is not the best

possible method. This would be true if the deviation were due to an inclina-

tion of the average path of the model rather than a bending of the average

path, which appears to be the case. The Guppy type submarine appears to

be sufficiently unstable to make it impossible to maintain a straight course

for any length of time without steering. However, a better method of cor-

rection has not been devised since it is not known what the curvature of the

path would have been for any given run if the diving planes were held in a

fixed position.

Summary and Conclusions

Comparisons of the dynamic behavior of a free-running model with that

of the prototype for a zig-zag type of maneuver have been presented. A rn'l

scale model of a Guppy type submarine, the U.S. S. Odax, was used because

good records of its performance were available. The zig-zag maneuver was

selected for- the purpose of comparison of the dynamic behavior of model with

prototype as being the most suitable for reproducing with the model. Differ-

ences between model and prototype test procedure and effects upon the model

behavior have been pointed out. Samples of model experimental results indi-

cating measuring accuracy and data consistency have been shown. Correc-

tions of minor magnitude to the model curves for comparison with prototype

trajectories have been described and the reasons for them explained. Test

results showing the dynamic response of the model with fnwr stern planc con-

trol programs and comparison with the prototype response have been pre-

sented. The model was seen to demonstrate quite consistent behavior and

reproducibility for successive test runs with each control program. The

consistency and reproducibility of the prototype runs is not known and no

comparison in this respect was made. Quite good agreement between the

average response of the model and that of the prototype for a single run has

been demonstrated.

From the results presented in this chapter we may draw the following

conclusions:

(1) The small-scale, free-running model can duplicate the dynamic

behavior of full size submarine with satisfactory precision for zig-zag type

maneuvers.
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(2) The model exhibits consistent and reproducible dynamic response
- for a given control program.

-i (3) The model of the Guppy type submarine exhibits known unstable

control and stability characteristics of the full-scale boat.

(4) The modeling technique by means of free-flying, powered and

controlled models has been successfully developed for model dynamic be-

havior in the vertical plane.

CI T
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CHAPTER 5

TEST RESULTS AND DISCUSSION -

U.S.S. ALBACORE MODEL IN VERTICAL MANEUVERING

Purpose

The purpose of Part 2 of the study of submarine control by means of

small scale, free-running models was to determine the dynamic control

characteristics of the U. S. S. Albacore AGSS 569 (SST Scheme IV) sub-

marine for maneuvers in the vertical plane. More specifically, the test

program was designed to determine:

1. The transient behavior on enterino a driv- n - ric, on
settling down to an inclined path, and on leveling off.

2. Equilibrium turning conditions in rise and dive as a
function of stern plane angle.

3. Precise control programs for executing optimum depth
changing maneuvers.

Model Test Program

The model test program was conducted in seven general phases as
listed below:

Original Configuration:

Phase 1l - Determination of the directional stability of the model
for variation in initial angular velocity and trajectory
angle, longitudinal velocity and acceleration, meta-
centric height, and for small control surface angle
changes.

Phase Z - Determination of the control characteristics of the
model on entering a rise or dive for various stern
plane angles at two plane rates.

Phase 3 - Determination of the damping response of the model
in dive and inclined path type of maneuver for one
stern plane angle with various holding times.

Phase 4 - Determination of the control program for an optimum
dive and pullout trajectoxry for a 300-foot depth change
with a 30 maximum inclination.
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Revised Configuration

Phase 5 - Determination of the directional stability' of the model
for variations in static longitudinal trim and buoyancy.

Phase 6 - Determination of the control and damping characteristics
of the model in (a) rise and dive for various stern- and
bow-plane angles and (b) turning for small rudder angles,

Phase 7 - Determination of the control program for an optimum
dive and pullout trajectory for a 300-foot depth change
with (a) 300 maximum inclination and (b) 150 maximum
inclination; also comparison of experimental and com-
puted trajectories for a given control program.

The test conditions showing the range of variables are shown in Table 5-la

for each phase of the model test program. The order of tests shnwri tip

not correspond to the actual experimental sequence (which depended upon

development of experimental techniques) and evolution of the test program

with growing knowledge of and familiarity with the behavior of the model.

TABLE 5-la

MODEL TEST PROGRAM - PART I

Velocity Metacentric Response
Phase Configu- Type of Linear Angular Height Characteristic

ration Maneuver ft/sec deg/sec ft Determined

I original neutral 15 - 0. 3 0.8 directional stability

I original neutral 13-16 0 0.8 directional stability

1 original neutral 15 0 0.7-1.0 directional stability

Stern plane Plane Holding
throw angle throw rate time at

deg, deg/sec throw
angle
sec.

2 original dive 3-18 5 o transient and
equilibrium

2 original dive 18 10 cturning

2 original rise 3-18 5 co conditions

4 3 original dive
incline 18 5 1-8 damping

4 original depth 18 dive 5 4-6 dive optimum pullout
changing and rise 7-9 rise trajectory
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TABLE 5-lb

MODEL TEST PROGRAM - PART Z

Static Response
Configu- Type of Buoyancy Trim characteristic

Phase ration maneuver ibs, deg. determined

5 revised neutral + 10,00 to -Z5,000 0 directional
stability

5 revised neutral 0 + 18 to -20 directional
_ ___stability

Plane Throw Angles Holding
~time at

Stern Bow Rudder throw
dee. A PPg fleg. angle -

sec.

6 revised dive +18 0 0

revised dive
incline +18 0 0 5

revised rise and -3 to Transient and
dive +3 0 0 equilibrium

revised rise and -3 to turning

dive 0 +3 0

revised horizontal
turning 0 0 0 to -1 -

Stern Plane Maximum Scaled
Throw Angle Inclination Velocity

deg. deg. knots

7 revised depth Optimum pull-
changing . 18 + 30 25 out trajectory

7 revised depth Optimum pull-
changing :t 12 +15 Z5 out trajectory

7 revised depth Computed vs
changing +_ 18 max. +30 95 experimental

trajectory
comparison.
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Presentation of Results

The results are presented in a series of tables and curves (see Vol, 1)
I showing the dynamic xesponse of the model to various static stimuli and dy-

namic control programs. The sequence of figures follows the test program

outline of Table 5-1 with the exception of Phases 1 and 5 which are dis-

cussed simultaneously. Table 5-1 will also serve as a general index for

the figures for Chapter 5.

Four principal types of curves are utilized to illustrate the trajectory

response of the model; (a) trajectory history, (b) curvature history and (c)

transient and equilibrium conditions:

(a) The "trajectory" history curves present the linear and angular

rp-oi.n data a.. d Lu Iull scaie and plotted against the

distance along the trajectory. The linear position data (depth

or lateral) is plotted to a one to one scale to give a graphic pic-

ture of the position data. The angular position (inclination, roll

or azimuth) data is plotted to an arbitrary scale. The time scale

is computed on the basis of a constant full-scale speed of 25 knots.

The control programs are computed from the bench calibration

and aligned by means of the cam lights.

(b) The "curvature" history curves give the rates of change of the

linear and angular position Otta of curve typC (a) eXpdnded to

full scale and plotted against the distance along the trajectory.

The control program is generally not shown, being identical to

that on the trajectory history.

(c) The "transient and equilibrium conditions" curves show character-

istic response (usually turning rates, angle of attack) as functions

of a common parameter (usually control deflection angles) for a

family or group of tests with similar control programs.

Curve types (a) and (b) may be presented in three classes of plots;

(1) individual run, (2) composite and (3) family:

(1) The "individual run" curve shows the model response for
a sinle test run as it occurred in the tank with the control
progrin aligned by means of the cam lights or static test
conditions indicated.
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(2) The "composite" curves compare individual runs made
under identical conditions of control program or static
stimuli after aligning by a common index (cam light
position or start of control action). Initial trajectory
conditions may or may not be reconciled to indicate
total or relative effects, respectively, of variations of
launching speed and attitudes, and control actions upon
the consistency and performance of the model.

(3) The "family" curves compare average composite curves
aligned by the start of control action or control programs
of the same general type. Each average curve is deter-
mined from a point by point averaging of the composite
curves. Data points are usually omitted on the family
curves.

Other curves, as needed, are explained in the discussion. For the

most part, the results are presented in n QPri - cf family .Lvt for each

curve type,

Correction for Initial Conditions

The initial conditions of the trajectory depend upon the manner in

which the launcher releases the model. In extreme cases, the attitude of

the model was found to vary from I degree nose down to 3 degree nose up

with angular velocities of up to 26 deg/sec (0. 7 deg/sec full scale).

Normally, the model left the launcher at about 1 degree nose up and main-

tained a straight trajectory. For the purpose of comparing the relative

response of individual test runs in compositc curves, these initial condi-

tions are reconciled as shown in Fig. 5-la and b. The depth trajectory is

"rotated" to make the initial (or neutral) portion of the trajectory level,

and the inclination curve is shifted correspondingly. The rate of change of

depth also is shifted by the sine of the rotation angle.

The validity of this technique of comparison is shown in Fig. 5-Z

where three successive runs with the same control program are compared.

Figure 5-2a shows the runs as aligned by means of the cam lights. Note

that all runs reach the same final curvature as indicated by the parallel

plots of the inclination curves regardless of the initial attitude or angular

velocity. Figure 5-Zb shows the curves after rotation where the effect of

large initial angular velocity is shown in reducing time to reach final curva-

ture. Test run No.S- 99 has an initial angular velocity that is considered

excessive because it affects the transient response appreciably. Therefore,
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for determining the "average" curve for this particular control program,

test run S-99 was discarded and only run S-100 and S-101 were used.

Determination of Control Program

The correlation of the stern plane control program with the trajectory

is of critical importance in comparing the response of the model for differ-

ent configurations of control surfaces for the same program. It is also im-

portant in determining the time required to reach a given change in position

or attitude, such as the time to attain a 10-degree inclination after the dive

planes have been moved.

The time delay between contact and brilliance of the cam light was

measured electronically and photoqraohicallv as deqr-ihprl in Chapt2r 3. A .

additional check was made during a normal sequence of test runs by measur-

ing the stern plane angle with respect to the hull axis as well as inclination

and depth. A special tab was attached to the stern plane and these measure-

ments compared to a previous test run. Fig. 5-Zc indicates no significant

difference between the stern plane action measured in the analyzer and that

measured during the bench calibration and aligned with the predetermined

cam light delay.

Discussion of Results

The over-all performance of the model of the SST U.S.S. Albacore

(SS569) indicates exceptional directional stability and maneuverability

characteristics for both configurations of control surfaces used in the free-

running tests in the Controlled Atmosphere Launching Tank. Indeed, the

directional stability of the model was such that the behavior in the tank soon

became an indicator of the performance of the model mechanism, the con-

sistency of the launching gear and the quality of the trajectory analyzer

continuity and consistency.

Phases 1 and 5: Directional Stability

The series of tests shown in Figs. 5-3 through 5-10 were made pri-

marily for determining the behavior of the model in order to (1) establish

experimental operating limits of the physical characteristics within the con-

trol of the experimenter, and (2) to evaluate the effect of spurious and er-

ratic forces beyond the control of the operators. In addition, the information
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derived from these tests is of value as an indication of the dynamic stability
of the full scale submarine in at least a qualitative manner, and also as a

comparison with the behavior of the UpS. S. Odax model.

These test runs were made with "neutral" control angles, i.e. , those

control surface settings for which the model would maintain a straight tra-

jectory with zero angular velocity of inclination, azimuth and roll - and

with the physical characteristics (buoyancy, static inclination and roll trim,

hull and propeller alignment, surface contours and roughness) of the model

controlled as precisely as possible. No distinction is made between con-

figurations of the control surfaces as regards directional stability, except

as noted on the curves and in the text. In general, significant differences

i-n Airr-cirmv1 4' -h41i 1intino- +lkc. *."n ^vni~ivinvrc. iir4*1, vtif

control settings were not detectable in the tank or measurable from the

data.

The consistency and directional stability of the model is illustrated in

Fig. 5-3 for three test runs made under as nearly identical conditions as

possible. The buoyancy was controlled to within ± 0. 00025 lb., the static

inclination trim to within ± 0. 5 degree and the control surface angles to

within ± 0.1 degree. Figure 5-3a shows a comparison of the trajectories

as they occurred in the tank, while Fig. 5-3b shows the comparison when

the initial conditions are reconciled. These trajectories are typical of the

bchavior of the model whcther with the original or the -cviscd control sur-

face configuration. The neutral angles were determined from visual obser-

vation of the trajectory in the tank by trial and error, i.e., the control

surface angles are altered on the basis of the observed trajectory for the

previous run until a straight run was obtained. As indicated in Fig. 5-3a

a "level" run is difficult to achieve because of variations in initial launch-

ing conditions.

The variations of initial velocity, angular velocity in inclination, yaw

and roll indicated are within the normal range for the launcher arrangement

used for these tests and are inherent in the design. The four-pronged pushe:

shrouds the propeller and control surfaces quite effectively (see Fig. B-5)

during acceleration and inhibits establishment of full flow over the tail as-

sembly until the tail clears the launcher guide rails. This generally results

in a nosing up impulse due to the lift on the hull before the stern planes take

hold, and causes the upward inclined trajectory. Necessary clearances
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between tiie model and guide railg contribute also by allowing slight mis-

alignments, variable friction and initial angles of attack.

One may consider these initial conditions as disturbances imparted

to the model originally traveling along a trajectory defined by the centerline

of the launcher guide rails. The divergence of the subsequent trajectory

would then be a measure of the dynamic (directional) stability of the modeli

Quite good stability in the vertical plane is indicated since the model settles

down to a new, essentially, straight course in 1-1/Z to 2 ship lengths. The

small, constant angular velocity(which is of the opposite sign as the dis-

turbance) is felt to be due to variation from run to run of the neutral angle

within the ± 0. 1 degree tolerance. When compared to response of the U.S. S.

Odax model (a submarine with known dynamic instability) for similar dis-

turbances, the Albacore model appears to possess almost exceptional di-

rectional stability. The same launching mechanism with similar guide

rails was used for both models, so that disturbances of a similar nature and

magnitude occurred. Figure 5-4a compares the envelopes of repeat test

runs of the Odax and Albacore models as the trajectories appeared in the

launching tank, while Fig. 5-4b shows the trajectories rotated to reconcile

the initial conditions. The trajectories for the Odax model exhibit an in-

creasing divergence which is typical of dynamic instability, whereas the

trajectories for the Albacore model indicate a much smaller constant di-

vergence. The behavior shown here is typical of that observed for a large

number of test runs made with both models. For the Odax model, it was

always difficult to determine neutral control angles,and repetition of a

neutral trajectory was unreliable due to the growth of the initial "disturb-

ances". On the other hand, the excellent stability of the Albacore model

allowed easy and quick determination of neutral settings (from a few runs)

that could be relied upon for the entire duration of the test program.

Sensitivity of Model Response - Static Trim.

Figures 5-5 through 5-10 show the sensitivity of the model response

to a variety of static, dynamic and physical parameters. The effects of

changes in static trim and buoyancy upon the neutral trajectory of the model

at a constant model speed of 15. 5 fps are shown in Figs. 5-5a and 5-5b.

The technique was to compare the trajectories for large variations of ballast

shifts and changes to those obtained for zero static trim and neutral buoyancy.
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The datum trajectories are those shown in Fig. 5-3, for which the static trim
buoyancy was adjusted very precisely prior to eahtest run. (The meta-

centric height of the model was 0. 091 in. - 0. 76 ft full scale.) The range of
applied moments and loads,and resultant static conditions is shown in Table
5-Z. The static force and moment coefficients (z = Z /lpAVZ and

M' = Me V) listed for each condition show the magnitude of the applied
static forces and moments relative to the dynamic control forces available

6 a' ,Z and ' ) at model and full-scale velocities. The applied
static forces are seen to be actually quite small compared to the dynamic
control forces available at model speed, so that one would expect little effect
upon the trajectory. At full-scale speed of 25 knots, the static and dynamic
forces are of the same order of magnitude, requiring an angle of aftrek -fi-

Su 1.00 and stern plane deflection of about 1.00, whereas at model speed
control and attack angles less than the experimental error are involved.
This, in essence, is the basis for neglecting metacentric stability for the

model speed used. The curves of Fig. 5-5a and b show that the variation of

the trajectories is within the normal range of scatter for neutral runs with

zero static trim and buoyancy. The values of average angular velocity and
vertical rate in Table 5--Z also indicate little effect upon the response of the

model and exhibit no trend with variation of static trim and buoyancy. These
tests proved to be of great value as far as operation of the model was con-

cerned for the speed range used (15 - 16 fps). The static trim 'nd buoyancy,
having negligible effect upon the response of the model, did not need to be
adjusted extremely close to zero conditions, thereby eliminating much tedi-

ous and time-consuming work of adjusting the model for each test run. The
results also indicate an interesting and valuable property of high-speed sub-

marines; namely, large changes of trim and buoyancy may be rather easily

overcome by maintaining speed and "flying" the ship in a planing attitude.
A comparison of the stern plane rates, M and Z6 to the static moment

and force coefficients M e and Z', shown in Table 5-2 indicates only small
plane deflections are required to balance the static conditions and yet leave

adequate deflection for maneuvering.

CONFIDENTIAL



CONFIDENTIAL 5-10

TABLE 5-Za

STATIC TRIM EFFECTS

Applied Moment, M 9  Moment Coefficient, M *

Static Avg. Angular
Model Full Scale Trim Model Full Scale Velocity
lb-in. lb-ft deg. at 15 fps at 25 knots rad/sec

x 10+ 6  x 10" x 10-4

0 0 0 0 0 + 0.00033
+ 0,028 + 0.233 + 3.9 + 0.013 + 0.16 + 0.00024
+ 0.056 + 0.467 + 7.8 + 0.027 + 0.33 - 0.0.0013
+ 0,084 + 0.700 + 11.8 + 0.040 + 0.49 + 0.00053
+ 0.112 + 0.933 + 15.8 + 0.054 + 0.66 + 0.00063
- 0.140 - 1.168 - 20.0 - 0.067 - 0.82 + 0.00018

M6 = -0.87 x 10 /deg.

- 4  **
Ma -1.7 xl /deg.

• ,1 3 2
M 0 -M 9 /fp1 V

Taken from Ref. 12.

TABLE 5-2b

BUOYANCY EFFECTS

Applied Load Force Coefficient, Z'j

Model Full Scale Model Full Scale Avg. Vertical
lb lb at 15 s at 25 knots Rate

x I0" x 10-4 ft/ft

0 0 0 0 - 0. 003

+o.0oo5 + 5000 +0.6 +0.7 -0.001
+ 0.0oo + 10000 + 0.11 + 1.4 + 0.005
- 0.005 - 5000 - 0.06 - 0.7 + 0.007
- 0.010 - 10000 - 0.11 - 1.4 + 0,001
- 0.015 - 15000 - 0. 17 - Z. 1 + 0.001

Z' + 1. 5 x 10- 4 /deg.**

Za = 42. 0 x 10 4 /deg.*

*Z = ZB/fP1V

**Taken from Ref. 12.
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Speed, Acceleration and Travel

The model response proved to be insensitive to variations in constant

speed and "travel" but very sensitive to acceleration. The behavior of the

model under these conditions is illustrated in Fig 5-b where neutral runs

with constant velocity are compared to those with acceleration and different

travel. Variations of these parameters arise from different launching con-

ditions and performance of the model mechanism. Longitudinal acceleration

has a marked effect upon the trajectory response of the model (see test run

No. S-375). The nosing down for positive acceleration--a characteristic

model response often observed in the launching tank-- is attributed to the

increased flow from the propeller over the stern planes which are normally

at 1. 3 degree for dive. Conversely, negative a'celPiPtHnn I- c been ob

served to cause a nosing up response. Different constant velocity has no

detectable effect upon the response as indicated by test run No. S-71 and 83.

Also run No. S-375 shows no additional effects once constant velocity is at-

tained, since a constant inclination and straight though inclined path results.

Variation of travel--the advance of the model per revolution of the pro-

peller-- has no measurable effect upon the trajectory response for a neutral

run at constant velocity as a comparison of runs in Fig. 5-6b illustrates,

The divergence of the cam light positions indicates a different propeller

speed, slip and subsequent travel for the same velocity response. While a

varistion in propcller blip and model travel is of little importance for neutral

runs, the effect is of considerable concern when a program cam is used.

The cam light location represents a given position on the program cam which

advances at a fixed rate per propeller revolution. A change in travel (or

propeller slip) at a constant velocity then causes an altered control program

based on number of ship lengths traveled.

Alignment of Planes and Hull

While the requirements for test conditions relating to static trim,

buoyancy and velocity are seen not to be critical, those concerning hydro-

dynamic forces and moments such as control surface and hull alignment

proved to be severe. Figure 5-7 illustrates the limits of accuracy and con-

sistecy allowable for setting and maintaining neutral control surface angles.

The range of neutral angles shown is within the practical limits of accuracy

C
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for the model linkage system (± 0. 1 degree) and the agreement of the trajec-

tories indicates this to be sufficient. Greater variation of neutral axes show

a marked divergence of the trajectories.

The axial alignment of the hull is much more critical, as shown by

Fig. 5-8. Test run S-3Z1 was found to have an 0, 1 degree misalignment be-

tween the forward and aft hull sections (see Fig. 2-14 for alignment tech-

nique) which required an 0. 3 degree change in stern plane neutral angle to

maintain straight flight. The curves shown for runs S-25Z and S-253 illus-

trate the effect upon the trajectory response for a similar hull misalighment

without changing the stern planes,

The ultimate accuracy of the control surface settings depended to a

great extent upon the rigidity of the control system support, hull and ap-

pendages. The supports were made sufficiently rigid, as shown in Figs. 2-15

and 2-19, and the hull is inherently rigid due to its double convex curvature.

However, the rigidity of the appendages presented a critical problem in

achieving the necessary control accuracy and consistency. The thin-walled

electro-formed horizontal and vertical stabilizer fins first used were suf-

ficiently flexible to cause the noticeable difference in directional response

of the model shown in Fig. 5-9. For a similar range of neutral angles (the

shift in value is most likely due to hull alignment differences) the divergence

of trajectories is very much greater than obtained with the machined fins as

shown in Fig. 5-7. How much distortion is due to hydrodynamic forces or

linkage spring load (used to overcome pivot friction and to take up slack) is

not known, but the importance of rigid appendages is clearly shown. It is

doubtful if effects of this sort would appear in the full scale submarine since

the large -size should permit adequate rigidity to be built in and the control

surface actuating system would not exert forces of similar relative magni-

tude and distribution.

Normal wear and tear due to launching and handling of the model re-

sulted in distortions and roughness of the hull on the order of ± 0, 010 inch,

usually of an axially symmetrical nature. Soldering of the deck, hull joint

bridge fairwater and sealing of leaks with wax also contributed to roughness

of the same order. In spite of these relatively large (but symmetrical)

changes, no effects could be detected or measured. However, during pre-

liminary test runs the addition of tape crosses (0. 01.0 in. thick) to the
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starboard side of the hull caused a definite turn to starboard, requiring ad-

ditional rudder deflection to maintain a straight trajectory. Apparently this

amount of roughness and longitudinal distribution was sufficient to disturb

the flow outside the boundary layer, whereas the hull roughness (aft of the

maximum section) was completely immersed in the boundary layer.

Effect of Yaw and Roll

Although the motion of the model was restricted to the vertical

plane by proper neutral settings of the rudder and dorsal rudder, some
slight amount of deviation was noted during the maneuvering tests. Figure

5-10 shows a comparison of neutral runs where the roll angle and the azi-

muth angle varied independently. The effect upon response in the vertical

plane is seen to be within the normal scatter of successive trajectories.

Deviations from the vertical plane were usually less than shown here.

This discussion has gone into considerable detail about some of

the experimental aspects of the model test program for several reasons:

(1) To establish the reliability and consistency of the model
performance;

(2) To establish experimental operating limits and indicate pos-
sible effects upon model behavior;

(3) To show the extreme accuracy required for consistent and
reliable operation for small scale models;

(4) To show some interesting characteristics of behavior of the
A model and possibly of the full scale submarine.

After some experience with the Odax model, where one was
never quite confident of its behavior from run to run, it is difficult not to

praise the Albacore model performance. The consistency of trajectory

response and the excellent directional stability bear evidence of the much

better hydrodynamic design of the U.S.S. Albacore.

Phase Z: - Control Response - Original Configuration

Phases Z, 3 and 4 of the model test program were designed to explore

the control response and maneuverability of the model with the original con,-

trol surface configuration. In Phase 2, the full range of control available

with the stern planes (180 dive to 180 climb) was investigated for entering
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It a turn in the vertical plane, the purpose being to determine final turning

rates, angle of attack and transient behavior as a function of stern plane

throw angle. This phase was divided into three portions, and is presented

here in chronological order.

Neutral Family

The response of the model for changes in neutral angle of the

stern planes is shown in Fig. 5-11a. The trajectories have been rotated to

account for initial conditions of angular velocity but no adjustment of relative

trajectory position was made since only final (equilibrium) conditions are of

interest. The relative scatter to be expected for each curve has been shown

in Figs. 5-3 and 5-4. The trajectories show an orderly divergence with

change of stern plane angle within the +0. 1 diyrpe qPttin"- y i,-y. Tiho

final curvature (see Fig. 5-11b) appears to be a linear function of stern

plane angle over only a small range (from + 10 to +20) with an average slope

of 7.5 x 10" rad/ft/deg. denoted by the solid line. The intercept of this

line verifies the value of the neutral angle determined previously from thei0
trajectories (namely, ±1.30 for dive) and agrees well with predicted values

given in Ref. 1Z, Whether this exact angle will be required for full-scale

operation at 25 knots is subject to question because of several factors.

First, the model speed is not scaled (it actually represents Froude-scaled

95 knots full-scale speed). Secondly, the flow in the vicinity of the stern

planes may be somewhat different for very small anglec because of thc

wake from the stabilizer fins. Thirdly, cross steering from the rudders

may have been present. For these test runs, the torque reaction from the

single propeller was accounted for by offsetting the rudders by two degrees

each. The dorsal rudder was built into the bridge fairwater during this

period of the test program and, therefore, could not be used to balance pro-

peller torque. However, it is felt that small shifts of the neutral angle will

not affect the response of the ship to large deflections from any such neutral

angle.

Dive Family

The response of the model for entering a turn in the vertical

plane with dive stern plane angles is shown in Fig. 5-12. The control pro-

gram used was as follows: After a short neutral run (2 to 3 ship lengths)j .the stern planes were moved to the required dive angle at a constant rate
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and held for the duration of the run. The range of stern plane deflection

angles was nominally from 3 degrees to 18 degrees by 3-degree intervals at

the 5-deg/se'c prototype throw rate and an 18-degree throw at 10 deg/sec,

The model had a metacentric height of 0. 081 inch and a radius of gyration

of 5.47 inches (0. 68 feet and 45. 6 feet, respectively, full scale). Bow

planes were rigged out at zero degrees while the rudders were set + 2. 2

degrees top and - 2. 0 degrees bottom to account for propeller torque re-

action. The curves shown here are selected from three test runs for each

stern plane throw angle within the limits of initial conditions already dis-

cussed. About 400 feet of neutral run immediately prior to the stern plane

action is included for comparison of the initial conditions.

This family of curves indicates a quick and positive response of the

ship for intentional control qii-ri; rrf1.ctionc, particull.d ly Lu hitiliution

response. The depth response is much slower, however, which may be

considered as indicative of large dynamic stability since an appreciable

angle of attack is required to alter the trajectory. Steady turning, indicated

when the inclination curves become straight lines, is reached quickly and

smoothly. Some evidence of "hunting", i. e. , oscillations of inclination

about the curves shown on the order of ±1/2 degree, was noticed, although

no consistent pattern could be determined and the amplitude was not much

larger than the maximum limits of accuracy. It will be noted that at the

higher plane angles additional increments of stern plane deflection have a

smaller effpct upon the final curvatures axid tr.Ljectories of the model. The

final portions of the trajectories exhibit an orderly progression and dimin-

ishing effectiveness of the stern planes with increasing angles, as do also

the arrangement of the difference curves. The initial stages of turning,

however, show a less orderly arrangement principally due to different

initial conditions in angular velocity. (See Fig. 5-2 again for the effects of

large initial angular velocity.) The differences in the curvature histories

immediately after start of action illustrates this effect. The variation in

linear velocity (V) curves are shown as percentages of the "approach" ve-

locity (Vo) since the model velocity was not scaled. The reductions in

velocity give an indication of the increased model drag during turning. The

propeller speed (as determined by time between cam lights) remained es-

sentially constant throughout each test run, although absolute velocity and
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propeller speed varied from run to run. The time or distance required to

reach steady turning is somewhat ambiguous since the angular velocity ap-

proaches its final value in an asymptotic manner and is further confused by

the scatter and oscillations of the data. However, the general trend indi-

cates that a minimum time is being approached with increasing stern plane

angles. No cross steering effects between stern planes and rudder were

noticeable or measurable, beyond normal deviations in the lateral direction

due to launching conditions. It is felt and, indeed, was observed in later

model tests that some cross steering may be expected with the full scale

ship where torque reaction of the propeller is accounted for by the dorsal

rudder rather than by offsetting the top and bottom rudder planes as was

done here. The appreciable deceleration shown and constant propeller

Qnp.1~ --rr1M -- l in -rc22tcr torquz rzactit... tlkLA .. c fluw UVe.L AV

dorsal rudder while turning could overcome.

The small differences in stern plane throw rates (from 4. 9 to 5.4

deg/sec) shown have very little effect upon the subsequent response. Even

doubling the throw rate has relatively little effect upon the behavior as il-

lustrated in Fig. 5-12c where two series of test runswith nominal 18 degrees

stern plane deflection for 5 deg/sec and 10 deg/sec throw rates are com-

pared. As would be expected, the final curvature is unaffected while the

time required to reach steady turning is reduced. However, the gain is

rather small. For instance, a 30-degree inclination is reached 55 feet

(1. 3 seconds) faster with a 10 deg/sec rate while distance traveled to reach

100 feet depth is reduced by 52 feet (1. Z seconds). This represents a gain

of about 10 per cent in distance (and time) for the points given for a 100

per cent increase in throw rate. Whether such a gain would be of sufficient

advantage in tactical maneuvers of the prototype to warrant increasing the

plane rate cannot, of course, be evaluated here. However, because of the

small difference shown, all of the remaining test runs were conducted using

a 5 deg/sec rate.

Climb Family

The behavior of the model for entering a turn with climb stern

plane angles under the same test conditions as for the dive family, is shown

in Figs. 5-13a and 5-13b. The direction of stern plane movement was, of

course, reversed.

- CONFIDENTIAL
_4,



CONFIDENTIAL 5-17

The behavior of the model exhibits the same general character-

istics for climb stern plane angles as it did for dive angles. The inclination

response is quick and smooth, depth response lags behind inclination and

velocity behavior indicates increasing drag. The orderly progression of

trajectory arrangement and final curvatures illustrate the same decreasing

effectiveness of the stern planes in producing accelerations with increasing

angles. No large difference in initial response of heading after start of

control action is immediately apparent, although a slightly faster climb

response is noticeable. This effect is attributed to the asymmetry of the

model in the vertical plane due to deck and bridge fairwater, which causes

an inherent vertical lift and nose-up moment. (The 1.3-degree dive neutral

stern plane is necessary in order to counteract this asymmetric force dis-

tribution.) It will be noted that the depth change is limited to about 150 feet

in climb as compared to 300 feet maximum for the dives. This limitation

was imposed to prevent any free surface effects upon the response in climb.

The water level in the tank was maintained at least 250 feet (full scale) above

the initial depth of the model. For the 18-degree throw angle curve, this

places the bow 40 feet below the surface for a 150-foot depth of the center

of gravity.

Equilibrium Conditions in Steady Turning

The steady state equilibrium condition in rise and dive are shown

in Table 5-3 and in Fig. 14 as a function of the stern plane throw angle. The

values of 1/R were determined from the slopes of the inclination curves of

Figs. 5-1Za and 5-1 3 a, while the speed reduction was determined from the

velocity change curves. The values of angle of attack, a, are the final val-

ues shown in Figs. 5-lZb and 5-13b. These curves of equilibrium conditions

show quite clearly the diminishing effectiveness of the stern planes at larger

throw angles. An extrapolation of the l/R curve yields maximum turning rate

of 1. 53 x 10"3 rad/ft in both rise and dive with a maximum angle of attack of

about 9. 0 degrees. This would correspond to a turning radius of about 3. 3

ship lengths for a 25-degree stern plane throw angle with a final speed of 22

knots. It may be seen from Table 5-3 and Fig. 5-14 that the equilibrium

turning in rise very closely matches the final turning in dive, within one

percent for throw angles greater than 3 degrees. Even for 3-degree throw

angles the response differs by only three percent however. The curvature
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function in the region near zero exhibits an interesting nonlinearity which

may or may not carry over to full scale. This nonlinearity, although pre-

viously reported to be much more pronounced due to an error in compu-

tation (Ref. 11), is, perhaps, due to the planes being shrouded in the wake

from the stabilizer fins, thus having reduced effectiveness until deflected

out of it. If a wake phenomena is involved, it is questionable whether this

effect will carry over to full scale since Reynolds number is not scaled.

Easier steering in the vertical plane will result, however, if it does because

the ship will be less sensitive to small unintentional variations of the planes

from the neutral angle. No indication of this behavior has been noted in the

force and moment coefficient curves of Refs. 6 and 12. Whether this is an

effect too minute to detect with the standard towing tank and water tunnel

techniques, or whether it is a scaling effect of such a small-scale free body

is not known. Perhaps critical comparisons between these model tests and

the full-scale sea trials of the Albacore will throw some light upon this

phenomena. The determination of angle of attack in this region is not pre-

cise enough for the free-running model data to resolve this question, hence

no values are included.

Although an appreciable speed reduction is produced during these

maneuvers (a maximum on the order of 10 percent), there is some question

as to the magnitudes to be expected in full scale. The model operation, undei

essentially constant thrust and propeller speed, is based on geometric simi-

larity of the trajectories and, therefore, indepcndcnt of absolute velocity and
time scale. However, geometric similarity for any corresponding portions

of the trajectories also exists, and hence one would expect relative velocity

to vary similarly, too. On the other hand, drag varies with Reynolds num-

ber and different deceleration may result as the ship progresses along the

geometrically similar trajectory.

Some Maximum Transient Values

An additional curve which gives a measure of transient conditions

is included in Fig. 5-14. The maximum angular acceleration produced, as

measured from the slopes of angular velocity of Figs. 5-1Zb and 5-13b,

shows the same general characteristics as final curvature, i. e., a reduced

effect at larger stern plane angles, The acceleration response in dive is

slightly greater than in rise, which may account for the shorter time
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required to reach equilibrium conditions, These maximum angular acceler-

ations are not considered very precise because the values represent aver-

ages of second differences of the data. They do show, however, the general

trend in the transient behavior of the model.

Phase 3: Dive Incline Family -Origina1 Configuration

The purpose of the third phase of the model test program was to de-

termine the damping characteristics in response to 18-degree dive and re-

turn to neutral stern plane actions. The trajectory histories were also

desired as a preliminary to Phase 4. The control program for these dive
F incline type of maneuvers was as follows: After a short neutral run, the

stern planes were thrown for 18-degree dive, held for various times from

0. 6 sec. to 7. 6 sec., returned to neutral and held constant for the remain- 4
tier ot the run. Ihe range ot hold times was selected in an attempt to

bracket a 30-degree final inclination angle since nothing was known of the

damping characteristics of the model. The programs were designed from

the response to 18-degrees dive action by assuming a reversible process

in moving from 18-degrees dive to 0 degrees and using a sufficiently wide

range of "hold" or delay times. The holding time designates the length of

time that the planes are maintained at 18-degrees dive.

The behavior of the model for this type of program is shown in Figs.

5-15a through 5-15e. The initial portion of the trajectories, of course,

repeats the 18-degree dive trajectory (shown by the dash lines for com-

parison) until removal of stern planes. No noticeable departure in inclin-

ation occurs until almost half of the stern plane deflection is removed and

until considerably longer in depth. (The position along the trajectories at

start of removal of stern planes is denoted by the small index marks.)

The curves for successively larger holding periods "peel off" in an orderly

manner clearly illustrated by the angular velocity curves. The damping

time is quite lengthy; constant inclination is reached only for the 0. 6 second

curve for the length of trajectory possible in the tank. The generated angu-

lar velocity appears to decay in approximately an exponential manner. Al-

though it is not a "deadbeat" or critically damped inotion. Some oscillation

is evident, and, even though the data is not sufficiently precise to yield ac-

*curate quantitative results, the trend is clearly established. Figure 5-15c

illustrates data points for five test runs from which the 0. 6 curve in Fig.

5-15b was derived. A measure of the damping may be obtained by
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assuming an exponential function and measuring the distance required for a

decay to (1/e)x the initial angular velocity. The"decay distance" curve in

Fig. 5-15d shows the values obtained based on (1) the maximum angular ve-

locity, and (2) the magnitude at the position the stern plane again reaches

neutral (shown by crosses and circles, respectively) . A minimum decay

distance of 290 feet (1.45 ship lengths) is indicated. This corresponds to an

exponent of p = - 0. 69 for a decay function of the form Q = o e -p s where

s is distance in ship lengths. This is admittedly a crude analysis and ap-

proximation but it does give a graphic picture of the damping characteristics

of the submarine. More detailed analysis with much more precise data

would, perhaps, yield a better measure of the damping function.

Because of this type of damping behavior, the control program used

nere is not well suited for attaining straight inclined trajectories in a reason-

able length of travel or time. The 0.6 second curve requires almost 1200

feet after stern plane reversal to damp out to an inclination of 22. 3 degrees,

while it is estimated that the 7.2 sec. curve would require about 1300 feet to

attain 55 degrees. Some estimated final values of inclination and damping

distance are given in Fig. 5-15d as determined from the curve shown in

Part e.

These curves are constructed by a simple graphical subtraction of

each incline curve from the 18-degree dive curve of Fig. 5-15a and b.. The

zero position of each difference curve was taken at the corresponding plane-

removal index and shifted to a common zero for comparison. These curves

then represent the departure or deviation of the incline trajectories from

the dive trajectory for variation of holding time at 18-degree dive. These

curves indicate the effect of initial angular acceleration upon the damping,

for it will be noted that a common curve is approached with decreasing ac-

celeration. The final inclination plot of Fig. 5-15d shows the same effect

as it approaches a constant slope, as does the distance from zero, while

the distance from reverse approaches a constant value of about 1300 feet.

This relatively long damping distance clearly shows the need for ad-

ditional control for attaining a straight inclined path in a reasonably short

time without exceeding inclination limits. It appears a "checking" rise

angle of 18 degrees on the stern planes would easily reduce the angular ve-

locity quickly enough to achieve inclined paths of 20 degrees or more. How-
f ever, an 18-degree throw angle appears too severe for trajectory angles
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smaller than 20 degrees since the time the planes are moving at a 5-deg/sec

rate is relatively long and would necessitate reversing the planes before

reaching 18 degrees dive. A higher rate of throw would be desirable in this

case to reduce the plane deflection period and also to provide a more precise

control program. The program would also be less sensitive to small vari-

ations of execution times.

Phase 4: Depth Changing Maneuvers - Original Configuration

The fourth phase of the model test program was concerned with de-

termining an optimum depth changing maneuver and the corresponding stern

plane program required to accomplish it. This maneuver has been aptly

described elsewhere (Ref. 2) as a "limit" maneuver, i.e., one for which the

m;npuver is completed in a minimum time while pushing the maneuverability

of the submarine to the maximun allowable limits of several operating con-

ditions. The tests described herein were circumscribed by five limits, one

of which proved to be unnecessary, however. They are:

(1) Depth change - 300 ft ± 10 ft

(2) Maximum inclination - 300 + 1/20

(3) Stern plane angle - 180 ± 0. 10 maximum

(4) Stern plane rate - 5 deg/sec ± 1/Z deg/sec

(5) Final inclination - 00 + Z.

Conditions (1) and (2) were prescribed by the contractor, while con-

dition (3) was a limitation imposed by the model linkage and condition (4)

resulted from the plane rate tests of Phase 2. Condition (5) in conjunction

with the tolerance of (1) was settled upon as being within an easily control-

able range by manual operation. Normal variations in operating conditions

of the full scale, such as ballast changes, water temperature variations,

static trim, etc., were neglected because of the high model speed for the

reasons discussed under Phase 1.

The test technique was literally one of "cut and try" on the basis of

the trajectory response fo,: the previous control program. The control pro-

gran was purposely limited to a single dive and hold, reversal to climb,

hold and return to neutral in order to provide a precise, repeatable and

easily executed control action. The initial estimate of the required program

was synthesized from the dive, rise and incline maneuvers of Phases 2 and
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3 by the technique illustrated in Fig. 5-16. The procedure consists of a

simple graphical addition and subtraction with an appropriate shift of the

zero index of the trajectories. as shown. The inclination history was used

as the primary index because it is more sensitive to control changes than

the depth response. The process reduced to one of repeated plotting until

first the maximum inclination condition was satisfied and then the depth

change condition was met. Since nothing was known of the response for a

full reversal of the stern planes from 18-degrees dive to 18-degrees rise,

subsequent corrections were made from the response to this first trial by

varying the holding times at dive and rise angles. Another factor not pos-

sible to evaluate was the variation in "travel" due to increase of drag during

the maneuver.

Li .piLc u! Lhese unknown .quantities, the response of the model to the

initial estimate of the stern plane program is in surprisingly close agree-

ment with the synthesized trajectory as shown in Figure 5-17a by Curve No.1.

The maximum inclination falls short by 5 degrees while the depth change is

only 250 feet. This apparent increase in recovery over the sum of removal

of dive and addition of rise angle response may perhaps be explained by the

change in flow over the planes during the reversal. While turning at the

maximum rate in dive, the local angle of attack of the stern plane itself is

reduced by slightly more than the angle of attack of the hull (,to about 100).

When the stern plane is reversed to 18 degrees rise, its angle of attack is

increased by the hull attack (to about 28 degrees assuming instantaneous

plane deflections) giving rise to a much larger moment than for initially

straight path for which the rise trajectory was determined. This condition

exists only temporarily (until the angle of attack passes through zero) and

does not accumulate to more than the 5-degree and 50-foot difference noted

for this particular trajectory.

Two other successive trials are shown on Fig, 5-17 which approach

fairly close to the desired depth change maneuver. Both trajectories were

derived from the same program cam and illustrate the effect of travel vari-

ation upon the response of the model. Travel was one variable that could

not be controlled precisely due to launching velocity variations and propeller

conditioi. Provided that the initial velocity during the neutral portion of the

trajectory was essentially constant, the trajectories are still valid although

the resultant control program is different. In essence then, we have several
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control programs with slight variations of holding times. (small changes of

thrxow rates are also included but have quite small effects) which give a

measure of over- or under- shooting of the desired conditions for "errors"

of execution. It is immediately apparent that small differences in the first

portions of the trajectory have a profound effect upon the subsequent trajec-

tory. However, no unstable divergence occurs, such as was observed for the

Odax model during some zig-zag maneuvers in which it failed to recover from

the dive with full reverse on the stern planes.

Only two depth-changing control programs were run before Phase 4 wac

terminated in order to change over the model to the "revised" control sur-

faces. Although the optimum maneuver was not obtained, the main features

were approached rather closely. The complete control program requires

only 30 seconds from start of rtrinn ni', i plznc rctwci, Lu lieuLrCL. in this

time the trajectory has completed the major portion of the maneuver al-

though beyond the tolerances of final depth and inclination desired. By way

of comparison, the 18-degree dive alone requires about 22 seconds to reach

300 feet (with 63 degrees inclination and 0. 0063 rad/sec angular velocity,

in addition),

The trajectories of Fig. 5-17a indicate that the limiting condition (2)

of 30-degree maximum inclination is an unnecessary restriction for an opti-

mum 300-foot depth change maneuver with 18-degree stern plane angles.

For with the control program used, the inclination cannot reach 30 degrees

without exceeding the 300-foot depth change. The short time of the maneuver

(30 sec. or 6. 5 ship lengths) makes exact execution of the program impera-

tive and reduces drastically the ability to anticipate required corrective
measures, In fact, the anticipation requirements in this case approach the

realm of "pre-science" wherein recovery action is necessary before the

maneuver is one-third completed. Hence before one becomes aware of an

error in depth, it is already too late to prevent overshooting. (The depth

change is only Z0 feet when recovery action is required.)

Figure 5-17c suggests a method of predicting the "execute'" angles for

a given depth change. The "execute" angle is defined here as the inclination

angle at which a change in control action is initiated. For example, the first

execute angle, gel, (denoted by the index mark on the inclination history

curve) is the inclination angle for which the stern planes are reversed from

* the 18-degree dive position. Since the maximum inclination angle restriction

CONFIDENTIAL



CONFIDENTIAL 5-Z4

is unnecessary, attention may be focused primarily on depth change and on

final inclination secondarily. With only minor differences due to final exe-

cute angles, the depth is a function of the first execute angle. Thus one may

select the desired depth change and read the execute angle directly. The

final execute angle appears to be almost constant at about 13.5 degrees and

should bring the maneuver sufficiently close to final depth for normal steer-

ing control. This method would require additional mapping in order to be

completly reliable and accurate. However, the technique appears to hold

promise. Application to an optimum 300-foot depth change maneuver indi-

cates the following sequence of orders:

Execute Approx. Approx.
Angle, P Command Tim, Pict.

deg. sec. ft.

0 180 dive .0 0

15.4 180 rise 8.3 350

13.5 neutral 24,0 940

* -1.0 steer* - -

Helmsman begins required control to
level off.

Further refinements with this simple type of control program could

be made to obtain a true optimum maneuver, but the value of the gain is

questionable. The major portion of the trajectory is rather well defined,

while the final portion is subject to only minor improvement unless re-

course to a more complex program is made. It appears that the inclusion

of an additional reversal of, perhaps, 5 degrees dive and immediate return

to neutral would suffice to elininate the residual angular velocity and bring

the final inclination to within the desired limits.

Trajectory Elements

Another technique of optimum maneuver prediction has been

developed in the process of synthesizing and correcting the depth changing

control programs. The method is an extension of the graphical technique

described in Fig. 5-16 using trajectory "elements" from all phases thus far

tested. A trajectory "element", is defined, in this case, as the chang or

difference in response due to imposing a control action upon the existing
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program. Thus the depth change mb.neuvez' consists ot three olemefiis;

(1) a dive, (2) a reversal, and (3) a neutralizing action. Figure 5-l8a gives

the plots for each type element for the original configuration as determined

from trajectories of Phases 2 and 3. The construction of a given trajectory

prediction is a trial and error procedure which will have, of course, some-

what less accuracy than the element cuives. The final conditions are not

clearly defined by the experimental trajectories, so that any predicted

trajectory will also be somewhat ambiguous although within control of the

helmsman. Figure 5-18b illustrates the construction technique for the pre-

diction of the optimum 300-foot depth change maneuver. At (1) the dive

element is traced as shown. Beginning at (2), the reversal element is added

to the dive trajectory resulting in curve (b), then at (3) the neutralizing ele-

ment is added to ,,11rvp (b), cornpl"..tie,, 1t, irjectory at (4). The indices

(2) and (3) are adjusted during construction until the desired depth and final

inclination are achieved.

The method has one major limitation, however, which restricts

its use to maneuvers involving depth changes of 200 feet or less. Each

element was derived from portions of the trajectories with essentially state

turning, for which the effect of initial angular accelerations cannot be as-

sessed.

The accumulative effects are, however, indicated in Fig. 5-15e.

Rather extensive experimental mapping would be necessary to enable pre-

diction of a wide range of maneuvers reliably. The termination of Phase 3

with the "original" configuration in favor of more urgent work for the

"revised" configuration prevented further investigation along this line.

Phase 6: Control Response - Revised Configuration

Part Zof the model test program was concerned with the dynamic

response of the model with the "revised" control surfaces. The test pro-

gram for Phase 6 was not as extensive in the basic trajectory responses as

for Part 1. This portion was restricted to a few comparisons with the re-

sponse for the original controls and an exploration of the behavior of the

model in the region near zero curvature for small control surface deflec-

tions. A rather complete investigation of depth changing maneuvers for

several parameters was carried out in Phase 7.
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Small Stern Plane Deflections

The response of the model to the stern plane throw angles in the

range of ±3 degrees is shown in Fig. 5-19. The purpose of these tests was

to clarify the final curvature function near zero in the region of nonlinearity

exhibited for the original configuration. Some question of the validity and

magnitude of such nonlinearity existed for the original configuration since

the values were determined with a limited range of neutral angle settings.

The trajectories show a regular divergence with increasing throw angles

typical of the control characteristics observed in Phase 2. The final turn-

ing rate as a function of stern plane throw angle, as shown in Fig. 5-19c,

exhibits the same nonlinear behavior as did the original configu-,ation but in

a more definite manner. The response shows a linear range from about

-Z.7 depree (rci) to +0.5 "'.gree witia slope of 1.05 x 10 "- rad/ft/deg.

Above +1.5 degrees the slope becomes 1.94 x 10
- 4 rad/ft/deg., an almost

! two-fold increase. Since the neutral angle is +1. 3 degrees, the amidship

position of the stern planes falls in the middle of this linear range, as shown

by the dashed line. This gives credence to the theory of a wake phenomenon

discussed for the original configurations. One would expect the wake to be

essentially symmetrical about the horizontal centerline (amidship position)

with equal deflection of the planes to either side necessary to penetrate the

wake. The question of whether this behavior will carry over to full-scale

operation still remains. Also, an effect of this sort may be difficult to de-

tect and nssesr in full scale or, perhaps, may be masked out by other effects

such as sea currents, minor variations of control angles, etc. The angel of

attack exhibits the same general characteristics but with less accuracy.

This nonlinear behavior for small plane angles raises interesting

questions concerning coefficient measurements for this region. Is this non-

linearity actually present in the coefficient functions? If so, is it detect-

able and measurable or is it masked out by inherent inaccuracies and scatter

of the data? A close examination of the moment coefficient data of Ref. 12,

Fig. 13, for control arrangement "B" (which closely approximates the CIT

model stern planes an4 stabilizers) reveals some indication of nonlinear

variation. Whether the deviations are significant depends upon the accuracy

and reliability of the data which cannot be assessed here. Since insufficient

data points in the + 3 degrees plane throw range exist to clearly define the

coefficient function, further investigation of this region appears desirable to

CONFIDENTIAL



CONFIDENTIAL 5-27

clarify the behavior for small stern plane throw angles.

Rudder and Bow Plane Response

The behavior of the model for small deflections of the rudders

and bow planes is shown in Figs. 5-20a and 520-b. These tests were made

for various neutral settings (since no linkage was available for program

control) over a limited range of angles (±3 degrees for bow planes and

0 to + 1 degree for rudder). The stern planes were maintained at the nor-

mal neutral angle of +1.3 degrees dive. The accuracy of adjustment of the

bow planes and rudder was ± 0.2 degree as compared to the usual +0.1 de-

greefor the stern planes. The two upper curves of Fig. 5-20a are for the

bow plane response only, while the two lower curves are for rudder re-

sponse.

'These trajectories show a different initial response for bow

plane than for stern plane angles in that inclination angular velocity is de-

veloped almost immediately. No particular significance can be attached to
L this, however, since the bow planes begin exerting lift during acceleration

in the launcher and cause an angular acceleration before the model tail

clears the guide rails. It would be necessary to provide bowplane control

linkage to determine such effects, plus considerably more testing. The

final turning rate as a function of bow plane angle appears to be nonlinear

although not well defined, as shown in Fig. 5-20b. The bow plane effective-

ness in dive is about one-half that in rise. This may possibly be attribh ifble

to the plane position (see Fig. 2-11 ) which has a smaller local angle of at-

tack in dive than in rise. Another explanation may be found in a greater

interference of the hull on the flow over the bow planes in dive than in rise.

Reference 12 gives some support to this nonlinear response where Fig. 20

(with plane position corresponding to the "revised" configuration) shows

smaller bow plane effectiveness in dive. On the other hand, Fig. 19 indicates

just the reverse for bow planes corresponding to the original configuration.

No equivalent comparison was made with the model using the original con-

figuration and more precise and detailed tests would be necessary to clearly

define the behavior in this region. The over-all bow plane effectiveness is

approximately one-half that of the stern planes in rise, while about one-fifth

in dive.

The response of the model to rudder angles indicates a much

greater rudder effectiveness than stern plane effectiveness, as shown by
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Figs. 5-Z0a and 5-Z0b. Although the data is less precise and reliable in the

horizontal plane, the general response is fairly well determined and appears

to be linear in the range tested. The lateral displacement curves are com-

pared arbitrarily to the neutral run rather than rotated to a straight zero

path, because the lateral play of the model in the launcher was not con-

trolled sufficiently and mismatch of projector focus and magnification was

not corrected. Some cross steering betweer rudders and stern planes is

present and large roll change was observed. Since roll affects this behavior,

modeling of metacentric moment is required and, therefore, these model i

tests would correspond to prototype behavior at about 90 knots. The response

is still useful in indicating the rudder effectiveness compared to stern planes.

No tests were made with the original configuration for comparison to these

re sults.

Comparison of Response

Comparisons of the response of the model for the original and

revised control configurations is shown in Fig. 5-21 for an 18-degree dive

trajectory and in Fig. 5-22 for an 18-degree incline maneuver. The curves

represent averaged points of the test runs listed.

At The curves show essentially the same response in dive, although

the revised configuration had a 0. 3-degree larger stern plane throw angle.

The same program cam was used for both series of runs, but the linkage

ratio of cam elevation to stern plane angle was slightly greater for the re-

vised controls resulting in the larger throw angle. The'turning rate at 18

degrees for the revised controls thus appears slightly smaller than for the

original configuration. Reference 11 originally reported a 25-foot lag in the

response of the revised configuration, which proved to be a delay error in

the cam lights as discussed in Phase 2 for dives. These curves show a

response more consistent with the small differences between the original

and revised control areas and arrangement. (See Table 2-1)

Figure 5-2Z shows the same relative comparison in response for

a dive incline program. An exact comparison was not possible, however,

due to the slight difference in throw angle and model travel resulting in a

changed program. The solid line represents a second curve for the original

configuration for a relative comparison. Trajectories indicate the same

smaller stern plane effectiveness noted for the dive comparison which appears
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ito mask out differences in damping characteristics. The angular velocity

curve shows a similar decay with distance consistent with the difference of

q maximum angular velocity. The shapes of the inclination and angular ve-

locity curves after return to neutral of the stern planes, being quite similar,

would indicate little difference in view of the small changes in control con-

figuration. Additional tests would be necessary (with identical control pro-

grams) in order to resolve the damping characteristics or the effects of

changes in individual appendages.

Phase 7: D epth Changing Maneuvers - Revised Configuration

Phase 7 is divided into three sections dealing with different approaches

to a 300-foot depth changing maneuver. Section (1) is concerned with deter-

mining the required control program for 18-degree throw angles with a 30-

degree maximum inclination limit, while Section (Z) deals with iZ-degree

throw angles and a 15-degree maximum inclination. Section (3) is concerned

with a comparison computed and experimental depth changing trajectories

and an indication of the effects of metacentric moment on maneuvers in the

vertical plane for high model speeds.

Section (1) - 30-Degree Maximum Inclination

The purpose, scope and techniques used for the tests of this

section are identical with those discussed in Phase 4. The two program

cams of Phase 4 were rerun with the revised control surfaces for a com-

pariscm of response in addition to that obtained for the 18-degree dive and

dive incline comparisons. Figure 5-Z3a shows a comparison of the response

of the original and revised control surfaces for program cam No. 1. The

programs could not be duplicated exactly because of slight differences in

travel and throw angles, and these two test runs represent the best match

obtained. The initial diving and recovery portions agree closely although

the revised configuration requires a slightly larger (18. 90) dive angle than

the original (18.50) as was shown in Fig. 5-21. The recovery or leveling-

out portion exhibits a greater difference than would be expected, however.

The larger rise throw angle and longer holding time of the original con-

figuration account for the increasing divergence of the trajectories.

Additional trajectory histories for program cams 1 and 2 are

shown in Figs. 5-Z3b and 5-23c. The same general characteristics as
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noted for the response of the origimal configumtion to the simle"" P~rozm

are eviden±L Although the required depth cbange is very closely app ched

by Cam Wo. la, an excessive final an glar velocity is present, An additional

reversal of the stern planes appears necessary to improve the final conch-

tions. Here, too, as was seen in Phase 4, the limiting maximum inclination

angle is not reached without exceeding the 300-foot depth change.

Successive attempts to "refine" the maneu:eNr, that is, to more

closely approach the optimum trajectory within the set limits, are shown in

Figs. 64 and 65. The refinements include (I) an additional reversal of the

stern planes to some nominal dive angles in order to accomplish a faster

recovery and leveling off at the desired depth, (2) variation of holding times

at dive and rise angles, and (3) adjustment of the throw angles in rise and

dive to 18.0 degrees to account for linkare chancreq, P';Y-T R ..

to Fig. 5-23 shows the effect of the additional reversal or checking angle

(7. Z0) in reducing the final angular velocity,* while Fig. 5-Z5 shows the effect

of a larger kick (10. 50). The throw angles varied somewhat due to the link-

age ratio changes and errors of elevation in the cams. The trajectories are

still useful, however, in showing the influence of small variations (from 17.70

to 18. 80) of throw angles upon the response. The principal effect of the added

reversal is to allow buildup of a larger maximum inclination angle and a clos-

er approach to the desired depth before final recovery. It is apparent, still,

that the initial "execute" angle is the primary parameter of the maneuver,

while the second execute index affect. onnly the final attitude.

The duration of the maneuver, although somewhat ambiguous, is

roughly equivalent to the duration of the stern plane program. The final

estimate of the optimum maneuver (Cam No. 6) achieves a maximum depth

change of 292 feet in approximately 31 seconds, while the control action

requires 34 seconds of which 4 seconds is expended for the final checking

action. Additional checking control to correct the 0.4-degree per second

nose-up angular velocity and 3. 7-degrees nose-up inclination is necessary.

While these terminal conditions represent a relaxation of the original limits

(±20), it appears that the submarine may be easily adjusted to a level path

with little change in depth. It is felt that this curve (Cam No. 6) represents

as close an approach to the optimum maneuver as is practical with the model,

since improvement of the final conditions by variation of the final checking

angle would have negligible effect on the over-all character of the maneuver,
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Anticipation Requirements. Figure 5-26 illustrates the depend-

ence of the maneuver upon the initial "execute" angle (the inclination angle

for which a change of control action is begun) for the revised controls. The

maximum inclination shows a definite relation to the first execute angle and

to the dive throw angle parameter. The maximum (or final) depth is less

definite, however, being influenced by the reversal and checking throw angles

indicated. The effect of the checking angle is indicated by the differences in

slope of the depth versus execute angle curves for each cam. The plot of

depth at the first execute angle illustrates again the necessity of a pre-

F. knowledge of the complete maneuver, since recovery control must be initi-

ated before the depth has changed by 5 per cent of the maximum depth change,

Figure 5-26b shows a correlation of the response to the several

contri1 p, t.a ,z babed on the relative throw angles. The values are

"corrected" to a standard of 18 degrees throw angles as indicated on the

figure. The maximum inclination angle showrs good agreement when com-

pared on the basis of the dive throw angle only. The scatter shown (within

1. 0 degree) is probably the cumulative effect of the variation in stern plane

throw rates, since maximum inclination is attained slightly before full stern

plane reversal is reached. The correlation of depth at the second execute

* ,angle indicates a dependency upon throw angles, holding times and throw

rates, while the comparison for maximum depth shows the effect of the final

checking action. The depth difference curve (Dm - D 2) indicates, on the

other hand, that the second execute angle is the more important parameter

since no difference exists for cams 1 and 2 which have no checking action.

Application of these anticipation requirements for the revised

configuration indicates a control program for the 300-foot depth change as

shown in the following table:
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Inclination Command Approx. Approx.
Angle Time Dist.
deg. sec. ft.

0 18 0 dive 0 0

15,2 18° rise 6.8 395

9.0 100 check 24.8 1050

0 steer 33.0 1385

Trajectory Elements. Figure 5-27 gives the trajectory elements

for the revised configuration for the 300-foot depth change maneuver, with 18-

degree stern plane throw angles, The spread of the curves indicates the ef-

fect of the small variation in thrnw snglpq inp r tbh reoon e. Thc dahcd

curves represent the response corrected to 18-degree stern plane throw

angles. The checking response curves are uncorrected, however, since no

standard angle was decided upon. The technique of construction and use is

as discussed in Phase 4 for the original configuration. Figure 5-27b shows

several trajectories constructed from these elements for ZOO, 300 and 400-

foot depth changes with no limiting maximum inclination prescribed. The

dashed curves indicate the extension of successive element combinations.

It is felt that trajectories may be predicted in this manner within a 10 per

cent tolerance of depth such that final conditions are easily controlable by

ordinary steering. This tolerance is necessary bccausc these e leaents are

determined from transient portions of the trajectories. A series of model

test runs to map out such elements for a given stern plane throw angle might

consist of the following maneuvering sequences:

1. Dive - throw stern plane for dive and hold.

Z. Reversal - Dive, hold for various times and reverse
to rise and hold.

3. Check - Rise throw plus reversal to dive, hold
for various times and return to neutral.

Such a program would, of necessity, be quite extensive in order

to evaluate all variables involved, but a few selected maneuvers should allow

reasonable predictions by interpolation.
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Section (2) - 15-Degree Maximum Inclination

The depth-changing maneuvers described in Section 1 were seen

to be quite rapid, perhaps too rapid a maneuver to be attempted in full scale

until considerable experience in handling the U.S. S. Albacore had been ac-

quired. At the suggestion of the Bureau of Ships, a more 'gentle' maneuver

(15 degrees maximum inclination) for the 300-foot depth change was investi-

gated.

It was found necessary to limit the plane throw to 12 degrees in

order not to exceed the 15 degrees maximum inclination during the first

stern plane movement. A similar, although more complex control program

than for the 30-degree maximum inclination maneuver evolved in order to

maintain a straight inclined path. As shown in Fig. 5-28, the reanired rr)n-

trol program was as follows: after a short level run the stern planes were

thrown for 12 degrees dive, held a short time, reversed to 12 degrees climb

and almost immediately returned to neutral, held, then thrown to 1Z degrees

climb and later returned to neutral. Cam No. 1 was synthesized from 12-

degrees dive ai;d rise maneuvers only for the original configuration, while

succeeding alterations were based on the response to Cam No. 1.

The response to three of the program estimates made is shown

in Figs. 5-28a and 5-28b. The results of missing Cam No. 2 were uncertain

since stern plane action began while the model was still in the launcher.

The difference in the throw angles sho,.n iz due to t mistake in the compu-

tation of the elevation of Cam No. 1 giving throw angles too large in dive and

too small in rise. The trajectory remained useful, however, to show the

effect of a small variation (0 degree) of the stern plane angle upon the over-

all response.

The control program, although more complex, lends itself more

readily to prediction than the control program for the 30-degree maximum

inclination maneuver because two distinct regimes of the maneuver are

present. The first regime is concerned only with attaining the 15-degree

straight incline, whichonce attained, has no effect upon the final depth.

The second regime is concerned only with the checking action from the

steady inclined path. The checking control for these tests was constant, i. e.,

constant hold time at 12 degrees rise. Hence different depths may be ob-

tained by merely varying the holding time at neutral before beginning check-

ing action.
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If The final conditions are nt clearly defined for this maneuver

since the length of run possible in the tank was not sufficient to provide such

data, However, the over-all character of the maneuver is well described

for depth change and inclination response. The response in inclination re-

suiting from the first reversal of stern planes and subsequent return to neu-

tral exhibits an interesting behavior. This "impulse" causes a highly damped

oscillation in inclination as, indicated by the angular velocity curve and to a

smaller degree by the angle of attack and rate of depth charge curves. This

behavior was noticed (although less pronounced) for the original configuration

during "incline" maneuvers. As a result of this oscillation the inclined path

is not quite straight, which makes extension to greater depth somewhat un-

certain. Since so few control program estimates were necessary, insuf-

fic1,,Lt d, Lc i dvailable to provide adequate anticipation information for this

type of maneuver. Although the 15-degree maximum inclination pullout was

intended as a less rapid and more "gentle" maneuver than the 30-degree

maximum inclination pullout, a comparison of elapsed times indicates that

it is still fairly rapid. The 12-degree cam program requires 39 seconds

to complete, while the maneuver is completed in 43 to 45 sec.onds as against

34 seconds and 31 seconds, respectively, for the 18-degree cam program.

It is, of course, unquestionably more gentle since'only one-half of the

inclination and smaller angular accelerations are attained during the man-

euver.

Section (3) - Comparison of Computed and Experimental
Trajectories

The model tests thus far discussed Were made with the assump-

tion that metacentric moment has no effect on vertical maneuvers at high

prototype speed. Therefore, model speed need not be scaled, and the arbi-

trary value of 16 fps was selected for convenience and to avoid complications

that may arise from Reynolds number effects. If metacentric moment is

significant, then model speed should be 4. 2 fps to represent 25 knots full

scale speed.

It was desired, nevertheless, to make some tests which may

indicate the effect of metacentric moment on vertical maneuvers (if such an

effect does exist) and to compare experimental model trajectories with those

computed from theory. Several alternate ways of achieving this comparison

suggest themselves:
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1. Reduce model speed to 4. 2 fps to model true full-scale
conditions of metacentric height, zB = 0. 8 -ft., and a
Velocity of 25 knots.

2. Increase the model's metacentric height by the ratio (V-
where Vm is the actual model speed.

3. Run the model at 16 fps with its zB unaltered, and compare
the test results with prototype trajectories computed for either
one of the following, conditions:

(a) Correct prototype speed of 25 knots but with a
reduced metacentric height of 0. 07 ft instead of
0.8 ft.

(b) Correct metacentric height of 0. 8 ft but running
at the higher speed of 95 knots.

Alternate (1) would have required a major revision of the model. This was

done later for modeling horizontal maneuvers after these tests were made.

Alternate (2) is physically impossible to achieve because of the weight dis-

tribution required by the construction of the model. A metacentric height of

1.38 inches would be necessary for the 16 fps model speed. This would re-

quire that the C. G. be about 0. 3 inch above the base line. Alternate (3) was

selected and calculations by REAC were made under both conditions listed.

The computed trajectories are based on the hydrodynamic coef-

ficients obtained from towed models at David Taylor Model Basin (Ref. 7)

and Eperi-nenti Towing Tank (Ref. 6) and computed acceleration compo-

nents. The metacentric moment effect is represented in the nondimensionalequtios b th tem E224 A ~y 1 3 2

equations by the term [(2240 A z B'(Epl U2)] e which includes displace-

ment (A), metacentric height (zB), length (4), velocity (U) and inclination

angle (@). The computations were carried out on the REAC at David Taylor

Model Basin in the manner described in Ref. (3). It may be pointed out here

that the coefficients were measured for a model with a somewhat different

tail assembly than configuration I of the free-running model.

A comparison of model experimental and computed trajectories

for condition (a) is shownin Figure 5-29a. The envelope of three model

trajectories from Phase 4 of the test program for program cam No. 1, are

compared with the computed trajectories for z B = 0. 8 feet with and without
"bias" of the stern plane angle and for z B = 0.07 feet without bias. The
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"bias" refers to the initial or neutral stern plane angle which is necessary

to maintain the model on a straight, level path.. A fourth "computed" curve

has been added by applying .the effect of the bias on the zB = 0. 8-foot curve

to the zB = 0.07-foot curve. The computed curves with bias show better

agreement with the model curves than those without bias. However, such

agreement is not consistent throughout the trajectory. The model turns more

quickly initially, indicating a smaller metacentric moment but also recovers

more quickly, indicating a larger metacentric moment than for the computed

- trajectories. The experimental scatter in the inclination history is seen to

be less than the effect of change in zB of the computed. This indicates that

some other effect than metacentric moment is the cause of the discrepancy.

Most likely the model damping is less than that used in the computations,

although the manner" in Atrhir1i t1,, rni'g tb taied is not known

The differences in tail configuration may account for the discrepancy. The

coefficients were measured on the tail assembly "B" (Ref. 6) which had a

total projected area of stabilizers and stern planes of 299 square feet, where-

as the CIT model configuration I area was 334 square feet, for which one

would expect greater damping.

A comparison of computed and model trajectories for condition

(b) is shown in Fig. 5-29b. Here the model attempted to reproduce the com-

puted control program in order to compare trajectory response. A pre-

scribed control program may be duplicated exactly experimentally only when

the "travel" of the model is exactly that for which the program cam was

computed. The travel of the model changed sufficiently between computing

and testing to give the different control programs shown. Successive test

runs will repeat the program and trajectory response consistently and pre-

cisely as illustrated in Figs. 5-29c and 5-Z9d. However, the experimental
curves bracket the computed curve and appear to match fairly well when

interpolated according to the control programs. Of course, the smaller

plane angles and slower plane rates reduce the differences also. It is felt

that a more valid determination of the metacentric moment effect would re-

sult from comparing a computed trajectory for 95 knots having the same

nondimensional cam program as the free-running model. The differences

exhibited in Figs. 5-29a and 5-Z9-b do 'not appear to warrant consideration

of the metacentric moment for these free-running model tests at high model

speeds.
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-Summary and Conclusions

Whereas Chapter 4 has shown that full-scale behavior may be modeled

by small, free-running models, the work discussed herein shows, in addition,

that the model will yield precise, detailed and reliable information concern-

ing stability, control and maneuverability.

Model Behavior

These tests have shown that consistent and repeatable data will

result only if a high degree of precision is maintained in both building and

maintaining the model and in making the measurements. It was found that:

1. Control surface positions must be known and controlled to

within + 0. 1 degree.

Z, Hull alignment must be maintained within + 0. 03 degree.

3. Hull and appendages must be made sufficiently rigid to prevent

distortion or bending from either hydrodynamic or control linkage

forces.

The model performance and trajectory response at-the relatively

high model velocity (15-16 fps) proved to be insensitive to:

(a) Small changes of buoyancy (+0.51o)

(b) Large changes of static longitudinal trim (±300)

(c) Differences of constant velocity (10%)

() Variation of propeller slip (lZ%) providing constant
velocity was maintained.

(e) Symmetrical hull surface roughness

but sensitive to:

(a) Longitudinal accelerations

(b) Assymetrical hull surface roughness of e/d = 0. 003.

Full Scale Behavior

Prediction of full-scale stability and control characteristics from

the model tests indicate that:

1. The vehicle possesses excellent dynamic stability. Small

disturbances damp out within two shiplengths as a new straight

course is assumed.
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2. Providing model behavior. carries over, the ship should be

easy to steer in the vertical plane. That is, it should be insensi-
tive to small unintentional plane angle deflections.

3. Control response for greater deflections ( ±30) is quick and

positive with a short transient phase. Minimum turning radius is

about 3. 25 ship lengths at 25 degrees plane angle.

4. The rudders are about twice as effective as the stern planes,

while the bow planes are about one-half as effective for steering

and turning equilibrium rates.

5. . A plane throw rate of 5 deg/sec appears to be adequate.

Tranic.t for :i doubied plane rate of 10 deg/sec is

reduced by only 10 per cent at 18 degrees plane angle.

U
6. Angular, damping exhibits an approximate exponential decay

with a decay distance of about 1. 5 ship lengths (7 seconds at 25

knots), A highly damped oscillation was evident.

Comparison of the response for the original and revised control

surface configurations showed that:

1. Control response is only slightly better for the original con-

figuration than for the revised at 18 degrees plane angle. (The

revised configuration requires 18.4 degrees to attain the same

turning rate in dive.)

2. No significant difference in damping is detectable.

Investigation of optimum depth changing maneuvers for both con-

figurations reveals that:

1. Specific maneuvering problems may be solved by means of

the model to within narrow prescribed limits by successive ap-

proximations.

2. A high degree of prescience is required to operate along an

optimum or "limit" tiajectory.
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3. The ship is at all times controllable, i.e., there is no tendency

to "run away" such as was observed for the U. S. S. Odax,

4. With 18-degree plane angles (at 5 deg/sec rate), a 300-foot

depth change may be achieved in about 30 seconds (6. 5 shiplengths)

at Z5 knots with a mnaximum inclination angle of Z9. 5 degrees. The

holding time at the first dive angle exerts predominant influence

upon the maneuver.

5. With IZ-degree plane angles, a 300-foot depth change requires

about 44 seconds (9, 3 shiplengths) with a maximum inclination of

15 degrees.

6. Preplannprl .rsz f l ±ou depth changes appear de-

sirable for high-speed limit maneuvering.

Comparison of experimental with computed trajectories did not

yield information significant enough to separate and evaluate metacentric

moment and damping moment effects.
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CHAPTER 6

TEST RESULTS AND DISCUSSION U. S. S. ALBACORE MODEL

IN HORIZONTAL TURNING MANEUVERS

Purpose

The purpose of Part 3 of the investigation of dynamic control charac-

teristics of submarines by means of free-running models was to determine

the horizontal turning characteristics of the U. S. S. Albacore, SST Scheme

IV, submarine with the revised configuration of the control surfaces. The

characteristics include the equilibrium values as well as transient variations

of lateral and vertical displacements, azimuth, inclination and roll (heel)

response, velocity reduction, angles of attacrk ;irl NppropriL't . Cguldr ve-

locities in response to a full range of rudder throw angles. Adequacy of

control of depth and roll by means of stern planes and dorsal rudder was in-

vestigated and the effects upon turning characteristics determined.

Model Test Program

The scope of the investigation with an outline of the model test program

is given in Table 6-1. The study falls into five main categories according to

the type of control program used, as listed below:

Phase 1 - Preliminary test runs to determine model sensitivity for
velocity, buoyancy and static trim, and response to small
control surface angles.

Phase 2 - Horizontal turning while allowing depth change - to deter-
mine trajectory response for a wide range of rudder de-
flections.

Phase 3 - Horizontal turning while maintaining constant depth - ,to
determine the stern plane program required for limiting
depth change to within ±10 feet for a large range of rud-
der deflections.

Phase 4 - Horizontal turning while controlling roll-investigation of
dorsal rudder control to reduce the transient roll re-
sponse and limit the equilibrium roll angle while allowing
depth change (no stern plane control).

Phase 5 - Horizontal turning while contr.olling roll and depth change -

investigation of the stern plane program required to limit
depth change to within ±10 feet while controlling roll.
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'-, .a.-jciy Curves

The results are presented principally in three types of curves, expand-

ed to full-scale dimensions, showing the dynamic response of the model to

various stimuli. They are:

1. Trajectory Plot - Histories of velocity, azimuth, roll and inclina-

tion angles, and lateral and depth displacements of the C. G, as a

function of distance along trajectory or horizontal distance for vari-

ous control programs.

2. Curvature Plots - Histories of angles of attack, angular velocity in

azimuth, roll and inclination, and rates of change of lateral distance

and of depth versus distance along the trajectory for various control

programs.

3. Equilibrium Conditions Plot - Variation of steady-state values of

turning rates, angles of attack in vertical and horizontal planes,

roll angle and velocity reduction as functions of control surface

angles. Some transient conditions may also be shown on these

curves.

Additional curves, as needed, are explained in the text. The method

of data reduction from the film record to presentation in the above curves

is described in Appendix C.

The technique of aligning and rotating individual trajectory plots to a

common initial path is shown in Fig. 6-1 for the lateral curve of a typical

35-degree rudder throw test run. The plot of the trajectory data as com-

puted and as it appeared in the launching tank due to position and angle of the

launcher, is shown in Part (a), while the rotated plot is seen in Part (b).

First, the plot of lateral displacement versus horizontal distance is rotated

physically to make the tangent at beginning of rudder action parallel to the

abscissa. Then the lateral displacement of each rotated point is plotted at

the corresponding distance along the trajectory as shown for a typical point.

The azimuth curve is shifted by the angle of rotation of the tangent line. The

depth trajectory and inclination are rotated in a similar manner. The rate of

change of lateral and depth curves are shifted by an amount corresponding to
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the slopes 6f the ±espective tdilgents. The cam program is aligned with the

trajectory by means of the cam light streak positiotis. Individual runs are

then aligned on composite and family plots by means of the start of cam

action.

Phase I - Preliminary Testing

Since the horizontal turning maneuvers were to be run at Froude scaled

speed in order to model heel, other gravity and inertia forces, such as buoy-

ancy and metacentric moment, also became of equal importance. The pur-

pose of the preliminary testing was to determine model response and sensi-

tivity to small variations in these quantities.

Acceleration The trajectory response of the model wa; niitp renv-

tive to linear acceleration, although small differences in constant velocity

caused no measurable change in dynamic response. Figure 6-Za shows the

characteristic nosing-up for deceleration and nosing-down for acceleration

of the model, perhaps due to flow differences over the control surfaces that

was observed previously for high model speeds. Initial disturbances due to

the launcher were observed to continue longer than at the higher (16 fps)

model speed, particularly acceleration effects. Angular velocities in azi-

muth and roll continued longer with greater effect on the trajectory after

initiation of control action. The test results presented hereafter were

selected for minimum deviations during the neutral portions of the trajec-

tories.

Static Trim: The model proved to be insensitive to small buoyancy

(0. 005 lb) and static trim angles (±0. 5 degree) changes, as shown in Fig.

6-Zb. The deviation of the trajectories is well within that shown for the

neutral trajectories where buoyancy and trim were controlled to ±0. 00025 lb

and ±0. 1 degree, respectively. Normally, buoyancy and trim were adjusted

to within ± 0. 0005 lb and ±0. Z degree prior to each test run.

Behavior near Free Surface: When, in the course of the horizontal

turning maneuvers, the tank water level was lowered to repair the launcher

support, the behavior of the model running near the free surface was deter-

mined. Figure 6-Zc compares neutral trajectories in the vertical plane for

submergences of 3.1 diameters (10 inches) and 9. Z diameters (30 inches) as

they appeared in the tank, i. e., no rotation of the trajectories has been made,
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At 3. 1 diameters submergence an immediate nosing-down occurs and con-

tinues at about constant angular velocity. The slightly tupturning trajectory

at 9. 2 diameters represents normal behavior due to variations in launching

attitudes and neutral settings. All maneuvering test runs were made at this

submergence (9, 2 dia.) or greater. Reference 3 reports a repulsion in lift

and a nose-down moment at 3 diameters submergence throughout the full

speed range. The model behavior appears to verify this force and moment

response in a qualitative sense.

Phase 2 - Horizontal Turning Allowinj Depth Change

The dynamic behavior of the Albacore upon entering and maintaining a

turn in the horizontal plane in response. to rudder control only, was invpqti-

gated in Phase 2 of the model test program. The specific response charac-

teristics to be determined were:

(1) horizontal turning rate

(2) heel due to metacentric height

(3) cross steering due to heel

(4) velocity change

as functions of rudder throw angle. These quantities are equilibrium values

in addition to and derived from the histories of azimuth, roll and inclination

angles, lateral and depth trajectories and velocity variations.

The control program was as follows: After a short neutral run, the

rudders were thrown to the desired angle at a 5 deg/sec rate (full scale) and

held for the duration of the run. The range of rudder throw angles was (a)

from 2 degrees port to 2 degrees starboard in 1-degree steps, (b) from 3 de-

grees to 18 degrees starboard in 3-degree steps, and (c) 35 degrees star-

board. (A starboard rudder deflection causes the ship to turn to starboard.)

The test results for this phase are shown in Fig. 6-3 and Table 2.

The horizontal and vertical projection of the trajectories (see Fig. 6 -3a)

present the paths of the C. G. in response to the various rudder deflections

shown. The trajectories are seen to depart from the original path in an

orderly manner with rudder throw angle, requiring between one to two ship-

lengths to develop a noticeable deviation. The curves also become closer

together with larger throw angles, indicating that the rudders are becoming

less effective in producing additional turning, However, a high degree of
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maneuverability is evident, particularly at a 35-degree throw angle where

the ship executes a full half turn with a diameter of about 800 feet or four

shiplengths. The depth trajectories indicate a rather pronounced cross-

steering effect which increases rapidly with higher rudder throws. The in-

crease in depth shown is a transient condition, however, since a final nosing-

up angular velocity was observed for all control programs. The 35-degree

rudder throw curve completed about a three-quarter turn (2700) in the tank

before losing power, but disappeared from view of the cameras because of

the large depth change (250 ft. maximum) after about a one-half turn (1800).

(See Appendix B for optical coverage in the tank. ) Visual observation showed

that the model was climbing after the one-half turn during the test run.

f, The histories of the linear and angular positions and velocity variation

as a function of the distance along the trajectory (see Fig. 6-3b) illustrate
E the degree of interaction of the cross steering which caused the depth

L! changes noted above. The azimuth response is seen to be quick, requiring

about one-half to one and one-half shiplengths of travel to develop a notice-

able deviation in heading. Essentially steady turning, as denoted by the con-

stant slope of the azimuth curves, is achieved fairly quickly (2 to 3 ship-

lengths) for all throw angles shown, but the attainment of steady-state condi-

tions of roll, inclination, depth change and velocity change require much

longer. A decreasing rudder effectiveness in producing additional turning is

again indicated by the smaller increments of slope of the azimuth ciirve; with

equal increments of rudder deflection.

Considerable transient variation of roll (heel) angle, becoming almost

a violent oscillation at a 35-degree rudder throw, is present. This roll

oscillation is noticeable for rudder deflections above 3 degrees, reaching a

maximum of between 35 -40-degrees change in roll at the largest deflection.

The initial conditions in roll (as well as azimuth and inclination) shown are

representative of the ability of the launching mechanism to release the model.

About two to three shiplengths of run ere provided prior to control action to

allow damping out of small initial disturbances. The roll oscillation, al-

though highly damped, persisted for the full length of the trajectories pos-

sible in the tank for the 6 - 35-degree rudder deflection range.

The inclination response reflects this roll oscillation to a noticeable

degree up to 18 degrees deflection, and to a considerable degree for a

CONFIDENTIAL £1



CONFIDENTIAL

35-degree throw. The curves exhibit a nosing-down proportional to the

maximum roll variation (150 nose-down inclination for 350 roll), but all

eventually show a nose-up angular velocity. Only the 35-degree curve con-

tinues to oscillate in pitch (about + 2 degrees after 7 shiplengths) while the

roll oscillates with about ±5 degrees amplitude.

The depth response, as was seen in Fig. 6-3a, shows the cumulative

effects of the transient roll and inclination response. The transient depth

change is moderate (35 ft maximum) except for the 35-degree rudder throw

angle which reached an estimated 250-feet depth increase before recovering.

No effect of the roll oscillation is evident in the lateral displacements, al-

though the azimuth curves exhibit some oscillation at maximum roll.

The mechani-,m nf thi trani.nt L ," v . . u. aay be visualized as follows:

As the hull begins to yaw after rv.dder throw, the bridge fairwater develops a

relatively large lift and a resulting roll moment. As roll develops, the down-

ward component of the lift causes a nose-down moment and downward force

which overpowers, temporarily, the equilibrium nose-up moment and up-

ward force caused by the asymmetry of the hull and "down-wash" flow from

the bridge fairwater. The rudders also contribute some nose-down moment

due to roll angles. The small inertia and damping in roll allows an oscilla-

tion under the influence of the bridge fairwater lift and metacentric restor-

ing moment.

The variation of model velocity during turning is shown also as a func-

tion of the initial velocity at start of control programming. Appreciable

decelerations occur (56% for 6r = 350) for the model during the maneuver.

Whether the same final velocity (or even rate of change) will occur with the

full scale Albacore is questionable since the Reynolds number differs 1000-

fold. (Model Re = 7 x 105; prototype Re = 7 x 10 8). However, the same

general character of deceleration should follow.

The variations in curvature of azimuth, roll and inclination are shown

in Fig. 6-3c for a few selected trajectories. These curves are faired in

from the plots of the average values of successive differences of the tabular

data because the experimental scatter was quite large. Data points for one

35-degree azimuth curvature only are shown for comparison, The maximum

and final values were derived from the slopes of the angular curves of Fig.

6-3b. The curves are included to illustrate the characteristic oscillation of
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the roll and to indicate the large angular accelerations involved as well as the

phase relation between yaw, roll and inclination. It may be pointed out that

the curvature scales are in rad/foot because the time scale varies consider-

ably with distance traveled along the trajectory depending upon the model de-

celeration.

Estimated equilibrium conditions as well as transient values for these

turning maneuvers as functions of rudder deflection angles are shown in Fig.

6-3d. The plotted points shown on the figure were measured or estimated

from the trajectory histories shown in Fig. 6-3b, except for the angles of

attack which were estimated from the tabular data and individual plots. The

equilibrium conditions are denoted by the solid curves while the maximum

transient values are given by the dashed curves. The transient curves of
hur izont.al curvature (1/'-() and roll showing minimum values reached during

oscillations - not included for reasons of clarity - would lie approximately an

equal distance on the opposite side of the steady-state curve. The curves

again show the decreasing effectiveness of additional rudder deflections and

indicate that a maximum turning rate of 1/R = 2. 55 x 10 3ft-1 (R = 390 ft) is

being approached for a rudder throw angle of between 40 -45 degrees.

Table 6-2 gives the corresponding numerical values of the equilibrium and

transient conditions in turning for the nominal control angles tested.

It may be of interest to compare the correctly "banked" roll angles with

the actual roll response of the model. The computed hie-1 angle for correct

banking, i. e., when the centrifugal moment is balanced by the metacentric

moment, is about 10 degrees during the initial stages of turning (velocity =

25 knots) with a 35-degree rudder throw. After the speed reduction to about

15 knots, the computed heel angle becomes about 4 degrees for a turning

radius of 400 feet. The roll angles recorded during the test run are seen to

be over three times these computed values for both transient and equilibrium

conditions.
The large cross-steering effects exhibited by- the Albacore model

clearly indicate that some measure of control over depth change or roll, or

both, would be desirable in order to maintain a reasonably level horizontal

turn. Safe operating limits of crew and ship were not included in these

model tests, nor were they even known. However, even aside from these

two very important considerations, the ability to maintain control over depth,

particularly in shallow water and under emergency conditions in evasive
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maneuvering, becomes vital. The capabilities of the Albacore in this respect

were investigated and are shown in the following sections of this chapter.

Phase 3 - Horizontal Turning with Depth Control

The purpose of this phase of the model test program was to investigate

the control of dcpth during horizontal turning maneuvers by means of stern-

plane control. More specifically, it was desired to determine the required

stern-plane program for maintaining depth within ±10 feet. Force measure-

ments in restrained turning (Ref. 3) gave a measure of the equilibrium values

to be expected but gave no indication of the transient behavior which is shown

in Phase 2 of this study. Because the major portion of a normal turn proves

to be in the transient rzgime, the control of depth during this transient turn-

inig asumes primary importance.

The method of solution used here is identical to that used in Chapter 5

Lof this report for the depth changing maneuvers. In essence, (1) a control

program is estimated from available trajectory data, (2) the model response

determined for the estimated control program, (3) theprogram modified on

the basis of (2), and (4) the model response again determined, and so on.

Figures 6-4a and 6-4b show four such trial stern-plane programs and

resulting trajectories for a 35-degree rudder throw. The initial estimate. of

the required stern-plane program was made first by adding the trajectory for

3-degreec rise from the zeuise u the model in the vertical plane at high

speed (15 - 16 fps) to the inclination and depth trajectories, respectively, for

horizontal turning in order to correct the transient diving response. Then a

3-degree diving trajectory was added to this "corrected" trajectory to control

the rising equilibrium response. Cross-steering effects could not be taken

into account for lack of information. The ±9 degrees stern-plane program

was included to evaluate the effects of over-correction.

The trajectory histories of Fig. 6-4 show that sufficient control is avail-

able with relatively small stern-plane throw angles (± 30) while a I 9-degree

deflection is seen to over-control in inclination and depth. Although the

general roll response is little affected by addition of stern-plane control, a

slight reduction in magnitude of maximum roll and amplitude of oscillation

is evident, i. e. , it appears that some damping is introduced, The inclination

history exhibits the characteristic transient nosing down due to the large roll
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indicating that a constant 3-degree rise angle is not sufficient.

A significant difference in aznmutlh and lateral response with stern-

plane programs in the transient phase of turning is seen by the early deviation

of the curves. The equilibrium turning rates appear to be affected also by

this cross steering, as indicated by the slightly divergent slopes of the azi-

muth plots. This interaction between stern plane and rudder affects the

initial or "entering-the-turn" phase sufficiently to cause an estimated 50 to

60 feet difference in "maximum lateral deviation" or tactical diameter of the

turning maneuver. Figure 6-4a illustrates these differences to a somewhat

exaggerated extent since part of the difference is due to the change in depth.

It will be seen that essentially constant inclination was attained even-
,,, I-rApepp i'i and dive tr.aiectories but that depth trajectories

differ considerably in final slope and, consequently, in final depth. However,

the final stern-plane program maintained the depth within 25 feet as com-

pared to 250 feet maximum depth change without depth control. Althoughft this is beyond the limits of + 10 feet originally prescribed, it is felt to be

adequate for the "simple" type program used here, and further refinement

:4 does not appear worthwhile. A more complex program may be devised that

will counteract the effects of the large transient roll response but only at the

expense of precise and easily repeatable control actions. Such a program

might require an initial Z-degree rise angle plus an increasing rise angle to

wLattA th. roll change during the fi t pnrtion of the maneuver and a 3-degree

dive angle to control the equilibrium condition.

The same cut-and-try procedure described for the 35-degree rudder

depth-controlled trajectories of Fig. 6-4 was applied for rudder throws from

6 to 18 degrees also. The stern-plane program was restricted to the simple

rise-hold-dive type with variation of the absolute and relative deflection

angles. Three ratios (1:1, l:Z , 2:3) of rise to dive angles were tested in

combination with various "hold-at-rise" distances. The results of the best

stern-plane program for each rudder throw from 9 to 35 degrees is shown

in Fig. 6-5. The 6 and 3-degree curves are omitted because any of the con-

atrol programs tested proved worse than those with no control. Each trajec-

tory shown represents the closest approach (after from 3 to 5 estimates of

the stern-plane program) to equilibrium turning conditions obtained. The

principal criterion was attainment of a zero final curvature (i. e. , constant
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slope depth trajectory). It may be noted that in several cases the change of

depth is actually greater for the length of run shown than was seen in Fig. 6-3

without depth control. However, as was shown in Fig. 6-4, the final depth

trajectory condition (depth and slope) is primarily determined in the transient

phase provided, of course, that the final stern-plane angle is correct. Fur-

ther estimates and trials of stern-plane programs where only the holding

time at rise angles would be varied, did not appear worthwhile. The same

general effects of stern-plane control upon the turning characteristics, as

shown in Fig. 6-4, were found in the dynamic response for all rudder throw

angles although to a smaller degree.

From the curves shown in Fig. 6-5a and b plus the trajectories of trials

not shown, the equilibrium and transient conditions were estimated. Figure

6-5c shows these estimated values as a function of rudder throw angles.

Comparison with Fig. 6-3d reveals that the only significant differences in

L equilibrium values occur for 35 degrees rudder throw where the horizontal

turning rate is about 8 per cent lower and roll angle is reduced by about 10

per cent. Angle of attack in the horizontal plane appears unchanged for all
' rudder throws. The two curves at the top of Fig. 6-5c give the estimated

stern-plane rise angles and holding distance for controlling the transient re-

sponse in depth due to roll. Table 6-3 lists the corresponding numerical

values for the nominal rudder throw angles tested.

Thirty-five Degree (350) Rudder Throw Maneuver Movie Film

A 16 mm movie film is available (Ref. 5) showing the dynamic behavior

of the Albacore model in turning with 35-degree rudder deflection. Two

maneuvers are shown; (a) a turn while allowing depth change, and (b) while

controlling depth with the final stern-plane program tested.

The launcher position and cam timing were so adjusted that the full

turn was made by the model in the field of view of one of the tank's five

regular 35 mm cameras. That is, the entire maneuver is thus viewed from

a single point of view. The 35 mm film was rephotographed frame by frame

onto 16 mm film to make a projectionable movie. The picture-taking rate of

the 35 mm original was so adjusted that the 16 mm copy, when projected at

Z4 frames per second, shows the model making the turn in the same time that

the full size Albacore would make it when running at an initial speed of Z5

knots.
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This film produces a vivid visual impression of the violence of the

diving-while-turning in the absence of depth control, as well as of the flat

turns that can be made with depth control.

During the runs from which the 16 mm film was produced, the other

35 mm cameras were also used so that stereoscopic analysis was possible,

and the runs were also useful as data-taking tests.

Phase 4 - Horizontal Turning with Roll Control

The large transient roll response found in Phase 2 and the small effect

upon the same of the stern plane depth control programs noted in Phase 3,

make control of roll appear highly desirable. It appears that a reduction of

the maximum transient roll would aid considerably in maintainin- conqtnnt

depth by reducing the corresponding transient diving response. The purpose

of Phase 4 of the model test program was to investigate (a) the effect of

bridge fairwater height on the roll response, (b) reduction of the transient

roll response by application of dorsal rudder, and (c) limitation of the equilib-

rium roll angle to something nearer to the correctly banked value.

Reduced Height Bridge Fairwater: As a preliminary to the roll control

test runs, (prior to revision of the model for dorsal rudder control) several

launchings were made with a reduced height (1/3) of the bridge fairwater (see

Fig. 2-27 ) in order to determine the effect of this appendage upon the roll

and dive rpeponses which accompany tiLrxing. The propeller torque reaction

(normally balanced by the dorsal rudder) was accounted for by offsetting each

bow plane by 1.5 degrees. A comparison of the response with the 1/3 height

and the normal height appendage is given in Figure 6-6a and b for the 18 and

35-degree rudder throw angles. The curves indicate a radical difference in

response both in the vertical and horizontal planes. The transient roll re-

sponse is greatly reduced (from 350 to 110 at 350 rudder throw) and the final

roll to almost zero (from 12. 50). The effect of this reduction in transient

roll response is to reduce greatly the nosing-down and diving response noted

for turning with the full height bridge fairwater while allowing depth change

(Phase 2). The transient phase in the vertical plane is thus considerably

shortened and the equilibrium nosing-up and climb response is attained more

quickly. The climb rate is also higher than with the full height bridge fair-

water. The transient horizontal turning rate is reduced considerably, as
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shown by the divergence of the azimuth curves after one ship length, although

the final turning rates differ but little. The velocity history shows no signifi-

cant difference. These curves clearly indicate the role of the bridge fair-

water in producing the large transient roll and vertical response during turn-

ing maneuvers and show that considerable differences in depth response may

be expected to result from roll control by means of the dorsal rudder.

Dorsal Rudder Control: The behavior of the model with roll control

was investigated for two rudder throw angles, 35 degrees and 18 degrees,

and only one linkage ratio for dorsal rudder, providing 37, 5 degrees and

22. 5 degrees port throw angles, respectively. The control program used

was as follows: After a short neutral run, the dorsal rudder was thrown

simultaneously with the rudder (by the rudder cam) to port and held. (A
IpuL C' dorsal ruaaer throw angle causes the model to roll to port -analogous

to a starboard rudder throw causing a turn to starboard.)

A comparison of the response of the model with and without dorsal

rudder control for the two rudder angles tested is shown in Fig. 6-7a and b.

The principal effect of the addition of dorsal rudder control is seen to be a

delay of the transient roll response (by imparting an initial roll to port) and

a reduction of the equilibrium roll angle. The total change in roll (from maxi-

mum port angle to maximum starboard angle) is essentially the same. This

difference in roll response has a marked effect upon the inclination and depth

response. The maximum transient inclination is reduced by sboult one-half

at 35 degrees rudder throw and two-thirds at 18 degrees. The larger rela-

tive dorsal throw at 18 degrees may account for the greater reduction. The

equilibrium nosing-up conditions is reached more quickly with dorsal rudder

control (yet considerably later than with the one-third height bridge fair-

water) and inclination angular velopities for both 18 degrees and 35 degrees

rudder approach, a common value which appears to be slightly higher than

that obtained without dorsal rudder control. The subsequent transient depth

change is greatly reduced (about 1/10) as a result of the reduced inclination.

The 30-foot maximum depth change (from 250 feet) for 35 degrees rudder

throw is only slightly greater than was obtained with depth control by means

of stern planes (25 feet) illustrating again the profound influence of transient

roll behavior upon the response in the vertical plane.

Relatively little effect upon the response in the horizontal turning rate
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is noted for a 35-degree rudder throw but quite a large difference occurs for

the 18-degree rudder throw. The cause appears to be in the larger initial

roll response to port which delayed the "entering-the-turn" portion of the

maneuver.

Phase 5 - Horizontal Turning with Roll and Depth Control

Although control of roll response by means of dorsal rudder materially

reduces the transient response in the vertical plane, some measure of con-

trol over depth remains desirable in the transient phase and is necessary in

the final or equilibrium phase. The purpose of Phase 5 of the test program

was to investigate briefly the stern-plane program necessary to maintain

depth within ±10 feet.

Two stern-piane programs were tested for 35 degrees rudder throw

while only one program was checked for 18 degrees rudder throw. (The

actual cams used here were also used in Phase 3 of the test program.)

Figure 6-8 shows a comparison of the model response with and without stern-

,r plane control for 35-degree and 18-degree rudder throws and 37. 5-degree and

ZZ.5-degree dorsal rudder throws, respectively. The influence of the tran-

4sient roll response upon transient inclination and depth response remains

large. The same general type of depth correction program (by means of

stern planes) is required as for uncontrolled roll (Phase 3) with some modi-

fications. It appears that a smaller (about 1/3 less) initial rise angle,

coupled with a longer hold time (about 700 feet) would be sufficient to control

the transient vertical response. A larger (about 1/3 more) dive angle appears

necessary to control the larger final nose-up angular velocity (due to reduc-

tion of roll by dorsal rudder - Phase 4).

The effect of cross steering due to stern planes in the initial or windup"

portion of the trajectory is clearly shown by the 35-degree rudder throw

curves. The 3-degree rise stern-plane angle decreases the initial azimuth

response considerably, while the 3-degree dive increases the response after

about two and one-half shiplengths. The three curves become approximately

parallel later, indicating negligible cross steering at equilibrium turning

conditions. The roll response, too, is affected. Both initial rise and dive

- stern-plane angles are seen to increase the maximum roll angle as well as

the final roll angle. The same behavior to a reduced extent is noticeable for
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18 degrees rudder throw also.

* As was noted previously (Phase 3), the simple rise-hold-dive type of

stern-plane program tested here does not appear adequate to maintain depth
within the prescribed limits of ±10 feet. Even so, the maximum transient
depth change is only 25 feet (compared to 250 feet for rudder control alone).

Since the transient inclination response is reduced greatly by the dorsal rud-
der control, a more complex program, in this case, might include a constant

rise angle and a variable dive angle.

Equilibrium and Transient Conditions

Estimated equilibrium conditions in steady turning plus some transient

values for Phases 4 and 5 are shown in Table 6-4. The values shown are

estimatec Irom the curves shown in Figures 6-7 and 6-8 and from the tabu-
lated data, in comparison with the trajectory response determined in Phases

2 and 3. Since some of the trajectories tested in Phase 5 controlled the

final angular velocity in the vertical plane,. the equilibrium values given

are somewhat uncertain, being rather an educated guess. However, on the

basis of the consistent performance of the model, it is felt that the magni-

tudes are sufficiently close to provide adequate control of the submarine

during such a maneuver.

Comparison of the Depth Control Techniques

A comparison of the relative response of the model for the various

combinations of control actions for a 35-degree rudder throw angle is shown

in Fig. 6-9 and.in Table 6-5. Representative trajectories from Phases 3, 4
and 5 are compared to the trajectory response of the model for rudder con-

trol only (Phase 2). In general, these curves illustrate the pronounced

cross-steering effects of the stern planes during the transient phase of the

turning maneuver. The cumulative effects of such cross steering and control

of depth is seen in the divergence of the lateral curves (Fig. 6-9a) in the

horizontal plane. The azimuth curves of Part (b) are seen to be approxi-

mately parallel after about four shiplengths, which indicates only slight

cross steering for equilibrium turning conditions.

It should be noted here that, in general, for the length of model run

possible in the tank, none of the trajectories has reached a true equilibrium

condition, although steady-state turning is closely approached. A small
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oscillation in roll is always found to persist throughout the full length of

recorded trajectory. The influence of this roll oscillation is essentially

damped out after about 6 shiplengths, however, so that the final portions of

the curves shown describe the equilibrium condition very closely. Table 6-5

lists the estimated equilibrium conditions for 35 degrees rudder throw for

each test, which indicate the effectiveness of the three combinations of

stern plane and dorsal rudder programs for controlling depth and roll re-

sponse. These values indicate that the use of the dorsal rudder contributes

materially toward increasing the equilibrium turning rate whether with or

without stern-plane control. The three right-hand columns of Table 4 give,

perhaps, a better picture of the over-all effect on the trajectory. These

figures again indicate that control solely with the dorsal rudder is mor'p

i4fipr,,4c in li,,LU~ ranslent depth change while achieving the most com-

pact turning maneuver. It is of interest, too, that the maximum lateral off-

sets are smaller than the diameter of the constant turning circle given by

corresponding values of R in each case except for Phase 4, indicating the

effect of the transient phase upon the subsequent history of the trajectory.

One general observation may bear repetition and emphasis, i. e. , for

turning maneuvers within a normal range of operation ( a 180-degree change

of direction) steady-state equilibrium conditions are closely approached but

never attained. It is estimated that in order to achieve a 180-degree change

in direction without over-shooting,the rudrbir should bc ceturned to neutral

after about 150 to 160-degree change in heading. The ship has barely ap-

proached equilibrium in this space when it is again thrown into a transient

phase of the maneuver.

The large transient response in depth may be of some tactical advan-

tage for evasive 'maneuvering, however. Use of stern plane and dorsal rud-

der for controlling depth is seen to increase the maneuvering space required

(increased advance and offset). If transient depth changes on the order of

50 feet are permissible, depth control by means of the dorsal rudder only is

more effective from the standpoint of a "tighter" maneuver in the horizontal

plane. But, on the other hand, if an evasive type of maneuver is considered,

turning with rudder control alone appears to have a distinct advantage, for,

in this case, a Z50-foot increase in depth is achieved without the necessity

of stern-plane programming while reversing direction of travel in the mini-

mum horizontal space with only a 50-foot increase in distance traveled.
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Comparison of Free-Flight and Captive Model Data

Extensive testing with captive models of the U. S. S. Albacore, Scheme

IV, submarine has been done with the standard force-measuring techniques

(Refs. 3, 6, 12) or extensions there.of (Ref. 4) to six degrees of freedom.

Only Ref. 4 has reported determination of equilibrium turning conditions

while the others reported force and moment data. The results obtained

with the free-flying model (see Table 6-2) afford an excellent opportunity

for comparison of two diametrically opposed techniques for determining

such equilibrium turning conditions.

TABLE 6-6

COMPARISON OF EQUILIBRIUM TURNING CONDITIONS

dem r' R Vf Model Test

Item 6 6 o H f d Coniigu- Phases P ration

ETT* 35 +3.6 +7.8 0.4Z 476 -1.0 +1Z.9 15.7 0 II I

CIT 35 +3.2 +9.0 0.46 436 -3.0 +15.0 16.0 0 Revised 2

ETT 35 +3.0 8.6 0.40 500 0 + 8.3 15.5 40 Ii II

CIT 35 +3.0 8.5 0.495 403 -3.3 + 7.5 14.8 37.5 Revised 5

*The sign convention has been changed where necessary to correspond to

that used throughout this report.

Table 6-6, above, shows a comparison of equilibrium turning condi-

tions, (1) as computed from forced turning tests at ETT (Ref. 4) and (2) as

estimated from free turniig tests at CIT (part 3 of this report).

Table 6-7, below, shows relative areas of appendages and control

surfaces for the models tested at ETT and CIT. Unfortunately, the con-

figurations are not identical so that an exact comparison of results is im-

possible. The CIT model, however, represents the prototype configuration

as tested in full scale trials off the coast of Florida in 1955. Also it is

understood that full scale trials will be made with another configuration that

was tested at ETT (Configuration I). Thus a direct comparison with full scale

data for the CIT model results reported herein will be possible while a simi-

lar comparison will be available for the ETT tests.
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TABLE 6-7

CONTROL SURFACE DIFFERENCES

Projected
Areas ETT CIT
sq. ft. Conf. II Revised

Fin and rudder (2) 288.6 159

Rudder 101.0 107
Bridge fairwater 239* Z77
Dorsal rudder Z7. 0 24.0

Bow planes 27.0 32.0

*Assumed equivalent to CIT "original"

configuration.

In spite of the differences between models, the agreement in equilib-

rium turning conditions is quite good except for (1) turning radius, and (2) 4
inclination angle. The other quantities are all within the experimental error

quoted for both types of testing. The free-turning model shows an appreci-
ably smaller turning radius and larger nose-up inclination angle. The

reasons for these differences may, perhaps, be found in the following

factors:

(a) The model appendage configurations tested are not identical
(Table 6-7);

(b) The accuracy of model test results;

(c) The inherent differences in test techniques, that is, captive
versus free-flying models;

(d) Validity of scaling laws.

The purpose of the present discussions is only to point out the agree-
ment or disagreement between results by the two modeling techniques and

to suggest some possible reasons for such differences. Since detailed dis-

cussions of each factor are found elsewhere in this report, and in Ref. 4,

it is felt sufficient to summarize the primary difference in modeling tech-

nique only.

1) Captive models provide information on certain force and moment

functions under steady-state conditions only. Assumptions regarding

additional functions required and application of such measured and

- assumed functions to existing theory of motion must be made. Force
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data is measured directly while accelerations, rates of change and

position-time dat4 must be computed.

2) Free models require only one assumption, although a large

one. The flow around the model is assumed to be similar to the

flow around the prototype. Position-time data may be measured

directly, while rates of change and accelerations must be derived

by differentiation of measured values.

How closely either modeling technique predicts full-scale behavior must

necessarily await comparison with prototype tests provided, of course, that

such full-scale information is as reproducible as that obtainable with models.

Summary and Conclusions

The experimental work described in Chapter 6 of this report represents

the first time that the ControLled .Atmosphere Launching Tank has been gener-

alized to six degrees of freedom, As such, this generalization is an impor-

tant extension of the usefulness of the facility for determining motions of

free bodies under truly similar force systems (within certain limitations, of

course).

This work also represents the generalization of a self-propelled, free-

body to six degrees of freedom under the influence of multiple and complex

control programming, The feasibility of operating a small scale (100:1)

model at a Froude-scdled speed of 4. 25 fps and determining position-angle-

time data with adequate precision has been demonstrated.

Model Behavior: It was found necessary to control physical factors

of alignment, rigidity, etc., as closely for Froude-scaled velocities as for

high model speeds (Part 2). The model performance and trajectory re-

sponse at the relatively low model velocity (4. 25 fps) was found to be:

A. insensitive to:

(a) small changes of buoyancy (0. 1%)

(b) small changes of static longitudinal trim (+0.50)

(c) differences of constant velocity (±15%),

but B. sensitive to:

(a) longitudinal accelerations

(b) initial conditions -disturbances from the launching
mechanism continued after initiation of control action

CONFIDENTIAL
!4



CONFIDENTIAL 6-24

(c) proximity of the free surface when the submergence
was reduced to 3 diameters. (The model was
normally run at 9. 2 dia. submergence.)

Full Scale Behavior: Prediction of full scale dynamic control charac-

teristics from the model tests indicates that for rudder control only:

(1) Control response in the horizontal plane is quick and positive

for all rudder throw angles tested (Z0 port to 350 starboard). Es-

sentially steady turning is reached in 2 to 3 shiplengths. Minimum

turning radius is about 1. 95 shiplengths (390 ft) at 400 . 450 rudder

throw angle.

4 (Z) A large transient roll response exists due to lift on the bridge

fairwater as yaw develops. A damped oscillatint, i -

for a relatively :arge portion of the turning trajectory.

(3) Pronounced nose-down cross steering due to (2) occurs in the

transient phase which overpowers temporarily the equilibrium

nosing-up condition.

(4) Appreciable longitudinal deceleration occurs at higher rudder

throw angles (46% at 35').

Investigation of control of depth change by means of stern-plane

programming showed that:

(1) Adequate control is available with stern-plane deflection angles

not exceeding ±3 degrees for all rudder throw angles tested, The

simple rise-hold-dive type program maintains depth within reason-

able limits.

(2) The roll response, both transient and equilibrium, is little af-

fected by application of stern-plane control.

(3) Cross-steering due to stern planes was small and limited to

the early stages of turning.

Investigation of the mechanism of roll response by means of a

reduced height bridge fairwater indicated that:

(1) The bridge fairwater is primarily responsible for the large

transient roll response, subsequent transient depth change and

magnitude of the final roll angle.
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(2) The bridge fairwater contributes materially to the horizontal

turning rate.

Investigation of control of transient roll response and reduction of

equilibrium roll axugle by means of dorsal rudder control showed that:

(1) Duration of transient roll response may be reduced, although

total change of roll angle (from initial to maximum Value) is little

changed. Final roll angle is reduced appreciably.

(2) Transient depth response is greatly reduced while equilibrium

nosing-up rate is unchanged.

(3) Horizontal turning is delayed slightly due to initial roll to port

but final turning rates appear to be inrrv-, c'r.

(4) Dorsal rudder control appears more effective than stern-plane

control in limiting depth change during the transient stages of turning.

(5) A measure of depth control by means of stern planes remains

necessary in the equlibrium phase of the maneuver.

Investigation of control of depth change by means of stern planes

with roll control shows that:

(1) The simple type of rise-hold-dive stern-plane program is adequate

for controlling depth change. Smaller rise anglp and largcx dive

angles than for stern-plane control alone are indicated.

(2) Maximum and final roll angles are increased slightly by applica-

tion of stern planes.

(3) Horizontal turning is retarded slightly for rise stern-plane angles

and increased for dive angles during the transient phase, and unaf-

fected at equilibrium.

Some General Conclusions

(1) A comparison of depth control techniques shows that control solely

with the dorsal rudder is more effective in limiting transient depth

change while achieving the most compact maneuver.

(2) For turning maneuvers within a normal range of operation (a 1800

change in direction), steady-state equilibrium conditions are
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closely approached but never attained. That is, the normal mode

of turning is transient.

(3) Under certain conditions, the large transient vertical response

may be useful in evasive type of maneuvers. Large changes in

depth simultaneous with turning are obtained without necessity

of stern-plane control.

(4) Comparison of free-running model results with forced turning

results (for a slightly different control surface configuration)

agree within experimental accuracy for horizontal angle of

attack, roll angle, final velocity and stern-plane angle.

I~i~.,J~1 ~ ±audub ana1 inciination angle difter signifi-

cantly.
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CHAPTER 7

SUMMARY OF STUDY

Summary
A rather detailed discussion of the various aspects of this study of the

stability and control of submarines by means of self-powered, self-controlled,

free-flying models hasbeen presented. The usefulness of free-flying models

depends largely on the experimental techniques which, in this case, are quite

demanding, and also on an understanding of the relatively simple theory of

modeling the dynamics of submerged bodies. Therefore, it was felt neces-

sary to discuss the theory of modeling,to describe the experimental tech-

niques in detail,and to examine the test results critically in order to evalu-

ate the techniquenr 'rz., !'Utz treas ot validity and limits of usefulness.

Self-powered, controlled, free-running models of two submarines -

the U. S.S. Odax and U. S. S. Albacore - have been developed which are capa-

ble of consistent and reliable performance in response to prescribed control

programs. Techniques of construction for unusual shapes were developed to

provide precise external dimensions with a maximum usable internal volume

at a reasonable cost. A power plant using gas-water accumulator and terry-

type turbine geared to the scaled propellers was built to fit into the model

hulls which provides an essentially constant power output for propulsion and

control mechanisms. The control system yielded very ;ccuratc and consist-

t, .(t programming of the control surfaces. The need for precise model di-

mensions, careful construction and maintenance in order to maintain ex-

tremely close tolerances has been pointed out.

Parallel developments of experimental techniques and auxiliary equip-

ment for use in the Controlled Atmosphere Launching Tank have been des-

cribed. A new linear launching mechanism was built and operated success-

fully for accelerating the self-powered models up to speeds of 16 fps. Al-

though this was the maximum speed required in this study, the launcher

was designed with the capacity to accelerate a 4. 5-pound model to ZS0 fps.

A second launcher was designed for the lower speed range of 3 to 5 fps.

Part of the study represents the first generalization of the launching

tank to stereoscopic observation of motion having six degrees of freedom.

A precise alignment of the optical systems of the tank and analyzer for
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stereo-optic analysis was quite satisfactorily accomplished. Measuring ac-

curacy, sources of possible error, and effects upon test results have been

discussed. This represents an important extension of the usefulness of the

launching tank for the study of free-body dynamics.

Test results of the dynamic behavior of the U.S. S. Odax model have

been presented. These results show that the small-scale model can duplicate

full-scale behavior for prescribed control programs within certain limitations,

The model exhibited known stability and control characteristics of the proto-

type vessel. Consistency of behavior of the model in repeated test runs was

rather good for such an unstable shape.

The test results for the U.S.S. Albacore model, on the other hand, are

presented as a predictinn nf the dyiai:i! behavior o± the prototype vehicle in

vertical and horizontal maneuvering. This model exhibited much better di-

rectional stability and control response characteristics, and indicates a

superior hydrodynamic design to that of the U. S. S. Odax model. Specific

maneuvering problems have been solved by the process of successive ap-

proximation. A comparison between trajectories computed from theory and

experimental trajectories with the model was made, but the differences could

not be resolved. The use of the model in the study of horizontal turning

characteristics represents an important extension of the free-running model

to six degrees of freedom and multiple control programming, in addition to

scaling of static as well A dynamic foxc.b

In general, it has been shown that the small-scale, free-running

models can yield precise and detailed information regarding stability, con-

trol and maneuverability of powered and submerged bodies. From the fore-

going, one may draw perhaps a single conclusion to sum up the study: The

free-running model is a useful and powerful research and design tool for the

study of the dynamic control and behavior of fully submerged bodies.

Suggestions for Future Research

Since one purpose of this study was to develop a modeling technique for
K predicting prototype behavior, it is felt that additional applications of the

technique should be pointed out and future avenues of investigation of a general

nature should be suggested.

The tests with the Odax model have demonstrated the ability of a small

CONFIDENTIAL



CONFIDENTIAL 73

scale model to duplicate prototype behavior under specific conditions. The

Albacore model tests, on the other hand, have extended the range of condi-

tions to such an extent that extrapolation to full scale is no longer obviously

valid. Therefore, the next most logical step would be a critical cormparison

of the behavior predicted from these model tests with the actual behavior of

the full scale vehicle. The full scale sea trials of the U.S.S. Albacore with

the controls and appendages corresponding to the "revised" configuration of

the model which were made off the Florida coast in the fall of 1955 offer an

excellent opportunity for such a comparison. It is understood that the tests

were quite extensive within the limitations of safety for crew and vessel. A

direct comparison of trajectories under identical conditions of control pro-

gram, initial conditions,. etc., should be possible in a good many caspp_

Comparable full-scale testq arc avail4ble tor only some of the model tests.

This is due to the fact that some of the model tests were intentionally designed

to determine the ultimate maneuvering capacityof this new submarine. At the

present stage of experience with this new vehicle and with its higher speeds

it is still considered unsafe to follow to the limit on the basis of model predic-

tions. However, the comparisons that can be made will provide a good meas-

ure of the reliability of model predictions, and, if this proves to be good, it

will establish the usefulness of the free-flying model for investigating limit

maneuvers.

A number of other problems of submarine control 'and stabilify would be

uamenable to solution by rean. wl seli-powered, free-flying models also. The

problems of operation near a free surface are manifold, particularly at higher

speeds, due to the large forces and moments of varying magnitude and direc-

tion with changing speed and submergence. One example is the approach from

depth to a straight and level flight at periscope depth, where such forces are

encountered with no previous warning. The inwestigation of the effect upon the
maneuver and the prescience necessary to successfully accomplish the man-

euver appears desirable. A. crash dive from the surface is another example

which has added complications due to piercing the free surface. Acceleration

and deceleration characteristics and attendant control problems may be at-

tacked by means of free models. Maneuvering at "zero" speed, i.e., from

a hovering attitude to very small forward or reverse speed, is an example at

the extreme limit of the velocity scale.

Perhaps the most valuable and important contribution the free-running
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controlled model technique can make is to the general theory of motion of a

submerged body. It should be possible at last to settle the form of the equa-

tions of motion by a coordinated program using data from both free and cap-

tive models. Such a study would be free of the handicap of scale effects by

virtue of identical size of the captive and the free model. Therefore, the

one assumption involved in the free model - that of similitude of flow be-

tween model and prototype - is eliminated. One has, thus, at hand an auto-

matic computing machine with built-in equations of motion limited only by

the accuracies of the input functions and the data read-out (i. e., the analyz-

ing technique). The question of what pertinent data should enter the equa-

tions for any given formulation could be answered. In addition, since the

model is free, an evaluation of the interference effects of struts and walls

in the tunnel irpn 0-e forc. i,,.,ucents should be possible.

One specific problem that comes to mind is the effect of fin size and

shape upon the stability and control of the submerged vehicle. A systematic

variation of such appendages and location on suitable body shapes would yield

valuable design information as well as provide an insight into the basic theo-

retical problem of the origin of the force system acting on fin-stabilized

bodies of revolution.

Another valuable contribution would be an evaluation of scale effects

by a definite measure of the differences between the behavior of model and

prototype. This would require the development of full-sctle test techniques

which would yield information as reproducible as that obtainable with the

model, and a demonstration of reproducibility of full-scale test results.

In conclusion, it is felt that the investigation reported herein repre-

sents only the initial development of the self-powered, self-controlled, free-

running model. As useful and powerful a tool as it is in its present state,

continued development of this modeling technique can make a significant

contribution to and advance in the state of the art of free body dynamics.
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APPENDIX B

DESCRIPTION OF CONTROLLED ATMOSPIHERE LAUNCHING TANK

The model tests were performed in the Controlled Atmosphere Launch-

ing Tank (Fig. B-1), which was designed and built primarily for the study of

water entry of free-flying bodies. The facility is of such construction that

it is well suited for a number of other types of studies involving hydro-

dynamic phenomena. This study on control and maneuverability of sub-

V, marines represents the first such extension of the usefulness of the launch-

ing tank. The third portion of the study, horizontal maneuvers, represents

a further extension, e.g. , a generalization of the tank (and models) to six

degrees of freedom.

The launching tank and its associated equipment have been very com-

pletely described previously in Refs. 9 and 1-0, and will be described only

briefly here. Rather detailed attention will be given to the additional equip-

ment and improvements required for the free-running model control and

maneuverability study.

The Tank

The tank consists of a large horizontal cylinder 13 feet in diameter

and 29 feet long, to one side of which is attached a section of a smaller

cylinder 6 feet in diameter and 23 feet long. A battery of five 35 mm high-

speed movie cameras are mounted on the horizontal centerline of this "bulge".

The flash lamps which illuminate the interior of the tank are installed in the

six lucite tubes which pass through the bulge above and below the cameras.

Additional cameras and flash lamps are mounted near the top of the tank to

record the air flight of bodies launched with the centrifugal launcher which

is mounted on the underside of the large hatch on top of the tank. The tank

is filled to about 2-1/2 feet above the centerline (total depth 9 ft. ) with about

25, 000 gallons of distilled water which is continuously filtered through sand

and alum filters and exposed to ultraviolet lamp radiation at the surface in

order to maintain maximum optical clarity. A 3/32-inch thick lining of a

poly-vinyl chloride plastic ("Koroseal") prevents corrosion of the tank shell

and consequent contamination of the water, provides a dark background and

protects models from abrasion damage. Figure B-Za shows the interior of

the tank when drained of water, indicating the location of the lucite tubes and
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camera windows in the bulge. Part (b) shows the protective net which was

installed to prevent damage to the free-running models by collision with the

tank walls. It consists of 1-inch mesh cotton netting in the form of a rec-

tangular box with one end open and a detachable top flap. The net is stretchec

between square frames at the ends of the tank by means of lines and pulleys

for easy removal and installation. This cotton net was later replaced with

a smaller gauge thread, one-inch mesh nylon net.

Model Launcher

Vertical Maneuvers: An additional launcher mechanism was added to

the tank for the submarine study. Its function was to accelerate the model

up to its running speed in as short a stroke as possible in order to leave a

maximum of the tank's length for the constant speed run. This "linear"

launcher, mounted on the horizontal centerline of the tank below the centrif-

ugal launcher, consists of two major components; (1) the actuating mechan-

ism and (2) the interchangeable guide rails. The actuating mechanism (see

Fig. B-3) consists of a 3-inch 1D cylinder and a one piece piston-and-rod,

mounted externally with the rod extending into the tank through an 0-ring

seal. The air flask holds the compressed air for driving the piston, while

an air cushion ahead of the piston in the cylinder stops the piston and rod at

the end of its stroke. In its starting position, as shown, the piston covers

the air inlet port and thus acts as a quick opening valve to start the launching

The interchangeable brass guide rails are mounted inside the tank co-

axial with the cylinder (see Fig. B-4). Four brass rails guide the model

hull as it is ejected by the piston rod. A model pusher supports the end of

the piston rod and cradles the tail of the model during acceleration. A trig-

ger wheel on the rails depresses the turbine starter button in the deck of

the model at the beginning of the stroke. The guide rails for the Odax model

were fixed to the mounting flange, while the Albacore model cradle was

pivoted for easier installation of the model. A guide tube for the bridge fair-

water of the Albacore model was also added.

In operation, the sequence is as follows: The piston is retracted, the

model installed in the guide rails, and the air flask charged to the desired

pressure. When the firing control circuit is closed, the actuating cylinder

* opens the main valve and, at the end of its stroke, closes the circuit of the

3-way solenoid valve. This by-pass valve admits air behind the piston and
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moves it enough to uncover the port from the main valve. Thus the full pres-

sure is applied to the piston almost immediately. The full triggering se-

quence requires about 0. 3 second, while at 24 psi initial flash pressure, the

launcher accelerates the model to 15 fps in 0.4 second. A set of electrical

contacts near the end of the launcher rails , which are wiped by a contact on

the model pusher, gives a measure of the model velocity.

Horizontal Maneuvers: In order to achieve the longest possible tra-

jectory in the available space for horizontal maneuvering, it was desired to

have the launcher guide rails easily adjustable in position and angle. Since

the air-operated launcher was fixed in space and direction, and in addition

was not sufficiently accurate and consistent at speed below 5 fps, it was de-

cided to use a spring-operated mechanism within the existing cradle. The

mechanism and mounting arrangement in the tank are shown in Fig. B-5.

The location with respect to the trajectory recording system is seen in
Fig. B-6.SThe accelerating mechanism consists of a 50-lb spring and piston-

damper unit mounted coaxially with ;the same guide rail cradle as used for

the vertical maneuvers. The cocked spring is visible at the center of the

rails in Fig. B -5b, while the damping cylinder, plenum chamber and exhaust

line to the adjustable orifice are seen at the right end. As much excess

material was removed from the cradle as possible to better establish the

flow around the mode). The launching velocity is adjusted by varying the

orifice opening seen in Part (a), and the shield deflects the orifice exhaust

away from the model as it emerges from the rails. The launcher is cocked

by closing off the orifice and opening the port with a sliding gate between the

two plates of the valve. Water is pumped back through the exhaust line into

the cylinder, forcing the piston back and compressing and latching the spring.

The crank and pull chain at the center of the cradle depresses the model tur-

bine starter button,while the pull rod at the right releases the spring to

launch the model. The electric contacts at the ends of the guide rails are

actuated by the model tail to indicate the launching velocity of the model.

The cradle assembly is mounted on a horizontal tube in the tank, as

shown in Fig. B-Sc. The cradle may be positioned from 12 inches to 45

inches horizontally from the tank centerline and rotated ±45 degrees in the

horizontal plane and _1 degree in the vertical plane. Two actuating solenoids
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are suspended from the net frame bar at the top of the picture, one for trig-

gering the model turbine and the second for triggering che la'uncher'mechan-

ism when the model machinery is up to speed. A time delay in the launcher

flash-lamp circuit triggers the launcher at the proper place on the movie

camera film.

Trajectory Recording System

The model trajectory is recorded by a battery of high-speed motion-

picture cameras using standard 35 mm film in conjunction with a large bat-

tery of synchronized high-intensity flash lamps. The maneuvering space and

the optical coverage of the cameras is shown in Fig. B-6, along with launche:

positioning and typical model trajectories for vertical and horizontal man-
euvers. Almost complete stereoscopic coverage of the maneuvering volume

is available from the tank centerline to the rear, while toward the cameras

only saw-tooth shaped volumes are covered. However, the model may be

seen in any position by at least one camera. This multiple coverage makes

it possible to use stereoscopic techniques for analysis of the recorded data

to obtain six components of motion, longitudinal, lateral and vertical move-

ments, and rotation in the horizontal and both vertical planes, provided suf-

ficiently sharp and detailed images are obtained.

Cameras: Figure B-7 shows details of the underwater cameras

(Ref. 10) which consist of a le,, and guide roller assembly permanently

mounted on the tank with a detachable film magazine containing a 3Z-foot

continuous film belt. The lens is a !-inch f/2. 3 Bausch and Lomb Baltar

mounted at the center of a spherical correcting window which eliminates

distortion due to refraction at the water-glass interface. The lens has a

field of view of 53 degrees which provides a 50 per cent overlap of coverage

of adjacent cameras at the centerline of the tank. The film, guided through

the focal plane by a series of rollers (Fig. B-7b) to reduce friction to a

minimum, is driven by a common drive shaft at constant speed and the ex-

posure is made by intermittent illumination of the tank interior with the high-

speed flash lamps, Zach film belt is measured and spliced to exactly the

4same length (by counting sprocket holes) so that it may be brought up to spee,

gradually, exposed and then slowed down gradually and yet utilize the full

length for recording the trajectory. An indexing device on the camera drive

allows initiation of the model run at any of twelve positions along the film
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Tank Illumination: The model trajectory is lighted (intermittently) by

high-intensity, short-duration gas discharge flash lamps (see Ref. 10). Be-

cause of the lower speeds of the maneuvering models (15 fps vs 1ZO fps for

air-launched models), the flash rate, i. e., the picturing-taking rate, was

reduced to 100 and 200 cps which, due to the design of the power pulse units,

also reduced the light intensity. To overcome this, a number of flash lamps

and reflectors were removed from the lucite tubes and sealed into submersi-

ble lucite cans (Fig. B-7a) which may be located underwater to illuminate

the trajectory to the best advantage. The parabolic reflector covers a

2 x 5-foot oval area 6 feet from the lamp to spotlight the trajectory, while

the remaining lamps in the bulge tubes provide general lighting. On the back

wall of the tank directly opposite each camera are mounted reference and

framing flash lamps. These "cross lights", sealed in brass boxes with an

inverted "L"-shaped cut-out, flash simultaneously with the illumination

lamp providing alignment references for each frame in the trajectory ana-

lyzer.

Power for each flash lamp is provided through an individual pulse

generator mounted in racks behind the tank and a 100 kva transformer pri-

mary power supply. All units are triggered by a single frequency generator

and controlled in number of flashes by a timer.

Increased illumination of the trajectory became available for the hori-

zontal maneuvering tests with the design and construction of twenty-four new

flash lamp power units. These units, as developed by the electronics sec-

tion of the Laboratory, provide about a five-fold increase of light output

over the original units while providing more reliable operation at a reduced

frequency of 50 cps and an increased duration of 10 sec. Six auxiliary sub-

mersible lamps incorporating a new coaxial flash tube of higher intensity

and short duration (one microsecond) were used inside the tank for spot-

lighting purposes. The remaining eighteen flash lamps were installed in

the lucite tubes near the camera. This light output increase was sufficient

to allow reduction of camera lens apertures and an appreciable decrease of

the film development time. Figure B-7c shows one of the twenty-four new

power pulse units.

Film Emulsions: An important factor in the accuracy of the data

measured from the photographic record is the quality of the projected model

images which is directly related to the sensitivity of the film emulsion to
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the spectrum of the flash lamps. (The lamps are especially rich in the blues.)

Three emulsions were used in the course of the study- Eastman Kodak

(1) Panchromatic Background X, (Z) Linograph Ortho, and (3) Tri-X Panchro-

matic. Figure B-9 shows a comparison of model images with the various

emulsions in chronological order, and indicate improvements of image qual-

ity with additional illumination and sensitivity. The Background X, although

fine-grained, was far less sensitive than the Linograph Ortho. The Tri-X,

by comparison with the Linograph Ortho, has a more stable emulsion with

twice the speed, smaller grain size and wider latitude of exposure.

Trajectory Analyzing System

The data analyzing or trajectory mapping system is essentially a one-

half scale reproduction of the trajectory recording system of the launching

tank plus an image tracking device. A general view of the analyzer room

and a schematic diagram of the system is seen in Fig. B-10. The projec-

tors replace the cameras and an exploring screen or target replaces the

model.

Projectors: The lens of each projector, Fig. B-i la, is matched to

the corresponding camera lens on the tank and the film is held flat in the

focal plane by two optically flat glass plates (replacing the rollers in the

camera). Because of the spherical window in the tank; the images are pro-

jected in the analyzer room geometrically corct except for a slight in-

crease in magnification due to the deletion of the water. The difference in

magnification affects only the lateral dimensions in projection. The film is

advanced frame by frame simultaneously in all projectors by a hand-operated:

common drive shaft. The frame is located behind the lens by aligning the

projected images of the reference cross lights with corresponding reference

crosses on the back wall of the analyzer room. The light source consists of

an incandescent bulb and condensing lens with a water cell and forced air

cooling to maintain a low film temperature.

Mechanism: The image-tracking device consists of a moving bridge

and carriage arrangement with three degrees of linear motion and two degree,

of angular motion. These motions are motor driven and controlled by push

buttons from the control console (Fig. B-llb). The motions are followed and

indicated by selsyn repeater units which drive indicating counters on the con-

sole showing positions to 0.01 inch and angles to 0. 1 degree. The third
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angular motion (rol) was incorporated into the Albacore model targets.
II,

Targets: The model targets for the maneuvering studies are shown

in Fig. B -12. The target for the Odax model consisted simply of a silhou-

ette outline attached to the existing exploring screen. The first target for

the Albacore model (Part b) consisted of a half-size reproduction of the body

of revolution of the model hull) sectioned along the vertical plane of sym-

metry and mounted on the screen with the scaled center of gravity located

at the center of rotation. The thread crosses reproduce the cross center

lines on the model. A roll-measuring attachment (c) was added later in the

test program. The half model target is mounted on a rectangular screen

which in turn is fastened to the movable frame of the attachment. A small

hand screw on the left moves the target while the scale at the right end indi-

cates the roll angle. This geometrically similar target using three crosses

allows alignment with the projected image-in all six dimensions with a single

K ~' projector as well as with stereoprojection.

A new target was necessary for adequate analysis of the horizontal

turning maneuvers. The half-model target used in the vertical maneuvers

was not suitable for determining the position of the model when it is heading

toward the camera or when it turns around to pre'sent its other side.

The new target, seen in Figure B-13, consists of a full model of the

basic body of revolution with forward deck and bridge fairwater only. The
deck is built up with a synthetic metal putty and contoured from the model

hull on the pantograph milling machine, while the bridge fairwater is ma-

chined to the given contours and mounted on top of the deck. The model

cross centerlines are scribed into the target, duplicating the cross arrange-

ment on the model (to half scale).

The target is mounted clear of the analyzer carriage in the assembly

shown and is pivoted about a transverse axis through the scaled center of

gravity position. The inclination is positioned with the small hand wheel at

the stern and is measured with the scale and vernier on the target frame.

The carriage mechanism has been rotated 90 degrees in the horizontal plane,

and what used to be the inclination mechanism is used to position and meas-

ure roll. A correction for the displacement of the target c. g. with rotation

in the horizontal plane is made in the computations. (The indicating counters

give the position of the center of rotation of the carriage,).
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Optical System Alignment

For the vertical maneuvers a single projector type of analysis was used

wherein the lateral position of the target (distance from the projector) was

determined by matching the magnification or size of the image with the target.

With the Odax model, appreciable departures of the trajectory from the verti-

c.l plane (in azimuth, roll or lateral) were unacceptable and those test runs

were not used. Minor deviations with the Albacore model were allowed(and

measured) within narrow limits. The existing alignment of the recording and

analyzing system (for which the projector lenses were set for best focus in

the maneuvering plane) provided adequate information of the model behavior

in the vertical plane.

However, for the horizontal maneuvers where behavior of the model in

the horizontal plane is of prime importance, it was necessary to align the

tank and analyzer optical syslems very precisely for stereoscopic repro-

jection. Although stereoscopic analysis would yield more precise data of

trajectories restricted to the vertical plane as well, several factors have de-

layed the use of this technique. The principal factors have been the lack of

adequate illumination, coupled with less sensitive film emulsion available

up to the time of this study. The improvements made in tank illumination

have been described, while new, highly sensitive emulsions (Fig. B-9) have

become commercially available. The limitation of trajectorics to the verti-

cal plane and the simplicity of analysis of the record by means of single pro-
jectors have had some influence also. Since each camera lens is mounted at

the center of a spherical window constituting the air-water interface, a fixed

magnification results and the focus is adjusted by varying the film position

behind the lens. The spherical correcting window acts as a negative lens

which reduces the apparent object distance sufficiently for the lens to cover

a depth of field six to sixteen feet from the lens in the tank. The Baltar

lenses were matched in pairs between camera and projector according to

focal length but the focal lengths of the ca-rera lenses were found to vary

over a 1-1/Z per cent range which, although small, was sufficient to cause

considerable variation of depth of field and point of best focus in the tank

when coupled with the spherical window. Five lenses were selected for the

underwater cameras on the basis of depth of field at a constant film-lens

distance. A typical image of a 6-inch square grid at 45 degrees to the cam-

era axis is shown in Fig. B-14a where the near end is 6 feet and the "L"-
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shaped references are 16 feet from the lens. For the purpose of tying the
cameras together optically, four targets of known dimensions were placed

on the tank centerline in view of adjacent cameras and photographed simul-

taneously with all cameras. The resulting image from one camera is shown

in Fig. B- 14b.

The analyzer optical system was aligned in a similar manner using the
aligning target images. The projector lenses were selected and matched to

the corresponding camera lenses on the basis of focus and magnification.

Since the film position is fixed and the lens movable on the projector, the

depth of field coverage and magnification are adjustable within narrow limits
+ "The focus and magnification were adjusted successively from projector to
4 projector using the target images from adjacent cameras. The analyzer

references crosses were then adjusted to the correct distance from the pro-

jectors based on the mutually compatible magnification of the image refer-

ences. A reduction of distance from the lens to the image occurs due to

reprojection in air in place of water, and in the absence of the spherical

window. This shrinkage is accounted for during expansion of the data to
full scale.

The precise alignment of the optical system revealed a discrepancy

in film positioning hitherto undetectable. The camera gate (consisting of

a series of rollers) did not hold the film in the same positiun as the projecto)

fil , gate (consisting of two flat glass plates). Also, the film emulsion cause

a transverse curvature of the film which cannot be eliminated by the rollers,

whereas the projector gate clamps the film flat. This difference in film

position and curvature, although small, (0.001-0. 002 in.) was sufficient to

upset triangulation in the horizontal plane with variations of ±0. 10 inch in

lateral position and ± 2 degrees in angular positioning of the image. This

film "buckle" was corrected by inserting appropriate shims between the film

and glass plates in the projector on the basis of images such as shown in

Fig. B-14c. The four aligning targets were hung in a vertical plane near the

rear wall of the tank and photographed by three adjacent cameras. The film

curvature in each projector was then adjusted to match images from adjacer.

projectors to a common vertical plane while magnification is held constant

by the previously adjusted reference crosses. Variations of curvature from

frame to frame during analysis of a model test run are accounted for by ad-

justment of magnification with the projector lens to match the reference

crosses. C F N A
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APPENDIX C

DATA REDUCTION PROCEDURE

The procedure for reduction of the data on the film record to a usable

form may be divided into three steps: (a) analysis of the film record (read-

off), (b) computations, and (c) curve plotting. Essentially the same pro-

cedures were used throughout this study except for variations required for

either single projector or stereo analysis.

Analysis of the Film Record

A frameby-frame technique is used in mapping the trajectory of the

model. The films for one test run are placed in the corresponding projec-

tors and synchronized so that corresponding frames taken at the same time

will be projected at the same time. (A "sync" frame is placed on all films

before each test run by short burst of the flash lamps.) The frame to be

analyzed is positioned behind the lens with the common drive shaft. The

wall cross-images are then aligned on the reference crosses on the back wal

by adjusting the lens vertically and horizontally, and by rotating the film.
The target is then aligned to the projected image of the model by matching
the thread crosses to the image crosses with either stereo- or single-

projection technique. The counter readings are recorded, the film moved to

the next frame to be read and -the proceduire repeated for the length of run

recorded. Transfer from one pair of projectors to the next is accomplished

by analyzing several mutually overlapping frames. Cam light positions are

determined by measuring the streak position relative to the adjacent image

frames. Figure C-I shows a plot of the tabulated data (to, an exaggerated

scale) for a typical vertical maneuver of the Albacore model, illustrating

normal reading scatter, effect of slight magnification differences and region!'

of overlapping analysis. Each point represents the position of the model at

five frame intervals for a Z00-frame per second picture-taking rate.

The quality of the images greatly affects the ease and speed with whicl

the record is analyzed. Some typical examples of images in various parts

of the tank are shown in Fig. C-2 for a typical vertical maneuver. The skill

ed operators analyze even the less distinct images with a high degree of pre-

cision, although requiring more time and effort. For the quality of images

shown, accuracy of measurement of the order shown in Table C-1 are
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obtained in the analyzer. These figures represent the over-all reading ac-

curacy due to alignment of the film in the projector, positioning of the target

and ability of the operator to see the projected images.

With excellent images, an individual frame may be measured consist-

ently to within ±0. 01 inch in longitudinal and vertical, ±0. 02 inch in lateral,

±0. 1 degree in inclination, and ±0. 2 degree in azimuth and roll once the filr

is aligned to the reference marks. These figures represent minimum ac-

curacy possible if the film curvature in the projector exactly matches that in

the camera for the particular frame being measured. Variation of the curva

ture of the film from frame-to-frame and subsequent magnification adjust-

ment introduce errors in triangulation in the horizontal plane such as shown

(greatly exaggerated) in Fig. C-3 where one film has incorrect curvature.

This condition forces a compromise in aligning the target crosses with the

images for, when setting the lateral by the center cross, the fore and aft

crosses will not match the intersection of the projected image crosses.

Splitting the difference (i. e., one image large, one small) reduces the angu-

lar misalignment but the lateral discrepancy remains. These effects are

negligible when analyzing vertical maneuvers. The magnitude of the errors

depends upon the position and heading of the model realtive to the projector

and quality of the images (contrast, focus, etc.) making a rigorous deter-

mination of probable error extremcly difficult and of doubtful worth. The

values shown in Table C-1 represent an estimate of average errors in

stereoscopic analysis for two positions and headings of the model in the tank

Values for those regions where only single projector analysis (nonstereo-
scopic) is possible are included also. Table C-2 shows the best accuracy of

the full-scale data estimated on the basis of the foregoing discussion attempt

ing to account for image quality and film positioning. The worst accuracy

is evident in the scatter of the data points shown on the curves.

Computations

The raw data, as received from the trajectory analyzer, consists of

tabulated data showing positions and attitudes of the tracking mechanism and

target as indicated by the counters and scales for each frame analyzed. For

the vertical maneuvers of the Odax and Albacore, this tubular data gives the

positions of the center of gravity of the model directly. However, for the

horizontal maneuvers, a correction is necessary for the 6-inch displacement
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of the target c. g. from the center of rotation. The true position of the target

is given by

$ LT = LC + 6 cos* 0

ZT = Z + 6 sin

where the subscripts refer to target and carriage positions. The dimensions

are defined in the list of symbols in Table G-4.

The correction for the "shrinkage" in the lateral dimension due to de-

letion of the spherical window and projection in air (for the horizontal man-

euvers only) consists of a linear expansion of the lateral distance and the

tangent of the azimuth angle. The corrected lateral and azimuth angle then

become
,Z = KZ T

1= arc tan (K tan *T )

where K is the ratio of the focal plane distance in the projector to that in the

camera. For the alignment of the optical system made here K = 1.065.

The tabular data is first reduced by a successive differencing scheme

from which rates of change of angles and displacements, and angles of attack

are obtained. A numerical integration and expansion to full scale is then per-

formed simultaneously on the differenced data. The formulae used for each

part of the study, along with a description of the symbols used, are shown in

Table C-3. The differenced quantities, as denoted by the operator, A,

represent the analyzer dimensions, i.e., one-half model size. The rates of

change or velocities represent values averaged over three successive data

points (1, 2 and 3) in the following manner:
!0

I Ave A&6 1 03- 2 2 1
-A - + " _ 'I

AS 3 S2  $2S- ,

The expansion of the model data to full scale is seen to be a linear

"blowup" of the model p9sitions. The intervals between data points are se-

lected so that no appreciable error is introduced in constructing the distance

traveled (or time) from the chord segments rather than the true arc lengths.

Due to the large number of trajectories analyzed and the corresponding

larger number of data points, a special "square root" table was constructed
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which greatly facilitated computations of

AS = V D KZ

= &L + l+(AD/AL) Z +(KAZ/AL).

The table gives values of the I + (AD/AL)2 + (KAZ/AL) multiplier for

a wide range of values of ISD/AL and KAZ/AL with a high degree of pre-

cision.

Sign Convention: The sign convention followed for this study agrees

with the established arrangement of the tank and analyzer system. Table

C-4 lists the positive direction for each quality listed. The convention is

seen to follow the right-hand rule, except for the control surface angles

which are considered positive when causing a positive displacement of the

primary quantities. Rates of change and angular velocity are positive for

positively increasing values of the primary dimensions.

CE
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TABLE C-4

LIST OF SYMBOLS AND SIGN CONVENTION

Symbol Definition Positive Direction

L Horizontal distance Along axis parallel to tank
centerline from launcher.

D Depth or change of depth Down from tank horizontal
centerline.

Z Lateral From tank centerline to
back wall.

S Distance along trajectory Along direction of forward
motion.

T Time From first frame analyzed or
start of control program.

6 Inclination of model axis with For bow down.
respcct to horizontal

*Azimuth angle of model axis For bow to starboard.
with respect to tank centerline

T Roll angle of model vertical For heel to starboard.
plane of symmetry

Angle of attack in model For bow down with respect to
vertical plane (inclination) tangent to trajectory.

y Angle of attack in horizontal For bow to starboard with
plane (azimuth) with respect to tangent to

trajectory.

Angle of tangent to trajec- For increasing depth.
tory with respect to horizontal.

Angle of tangent to trajec- For increasing lateral.
tory with respect to tank
centerline

6s Stern plane angle For causing model to dive.

CONFIDENTIAL
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TABLE C-4

(Cont'd)Symbol Definition Positive Direction*1 
--

P st v D r ci n

6 Rudder angle For causing model to turn
to port.

Bow plane angle For causing model to dive.

Dosa 
Forde model6 Dorsal rudder angleor causing model to roll
to starboard.

R Turning radius For turn to starboard.

V Velocity of C.G. of nmodel
along trajectory

x Linear scale factor of model
of prototype size

F Flash rate of tank high-speed
lamps or picture frame data

N Number of frames on film recordbetween data points or frames
analyzed

K Correction factor for lateraldimensions in analyzer.

r

I
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